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Foreword

For scess~d OperAdnn all manned Ti0n SYSeMs, SUbCWs3Bts,. and hrpekarM- ChaZ~bCrS re-
4qe p e -ca IiiewpoisX= Thes ie r a3Ov the PesCnel id e tSh!e 45%=S~ b2Ss 2nd Rib-
Ues t dm -e the emi ouside the p sre-re an hu2L In a co land, opera-

trs of hyperba-c d as can obseot the beha-ior of paems or divers unergomg yhe;Tmxc
treatmut inssie the chambers.

Snce the iepots-fom a par of the presre-resistm emvee, thy'mut meet or sups the

safety c=era wed for designmn either the metallic or pasic composie pressre emewe.e. The
ASME Boier and Pressre Vesse Code Secion 8 proides such desin crera, and the chambems

=eressane hu"Is des:e on their basis have generated an unexcelled safety record.

The iiewpor, because of the unkiue smxcunral properties of the ac)iic, pastic used in const.ut-

ilg the windows, could not be designed according to the same criteria as for the pressure envelopes
fbicated of metallic or plastic composite materials. To preclude potential catastrophic failues of
wiadows designed on the basis of inadequate data, in 1965, the U.S. Navy i ited a window testing
progm at the Naval Civil Engineering Laboratory and the Naval Ocean Systems Center. Under this
program, window testing was conducted until 1975.

The objective of the window tesfing program was to generate test data concerning the srucural
performance of acryic-plastic windows fabricated in different shapes sizes, and tiicknesses. Candi-
dates for investigation included the effect of major design parameters, like the thickness to diameter
ratio, bevel angle of bearing surfaces, and the ratio of window diameter to seat-opening diameter on
the structural performance of the windo s; and empirical relationships were to be formulated between
these variables and the critical pressures at which windows fal. To make the test results realistic, the
test conditions were varied to simulate the in-service environment that the windows were to be sub-
jected. Thus, during testing, the windows were subjected not only to short-term pressurization at
room temperature, but also to long-term sustained and repeated pressurization at different ambient
temperatures.

On the basis of these data, empirical relationshius were formulated between design parameters and
test conditions. Committees in the Pressure Technology Codes of the American Society of Mechani-
cal Engineers subsequently incorporated these relationships into the Safety Standard for Pressure Ves-
sels for Human Occupancy (ASME PVHO-1 Safety Standard). Since that time, this ASME Safety
Standard has formed the basis - worldwide - for designing acrylic windows in pressare chambers for
human occupancy. Their performance record is excellent; since the publication of the Safety Stan-
dard in 1977, no catastrophic failures have been recorded that resulted in personal injury.

The data generated by the Navy's window testing program were originally disseminated in technical
reports of the Naval Civil Engineering Laboratory and the Naval Ocean Systems Center, and were
made available to the general public through the Defense Technical Info|'matiou Center. To facilitate
distribution of these data to users inside and outside of the Department of Defense, the technical re-
ports have been collected and are being reissued as volumes of the U.S. Navy Ocean Engineering
Studies.



T-hese valcoes. comng the. collected tedbmical reports an pzsre-reswmn p~gsi wmdous wMl
be desed in technical -mmaies of Navl Labor~ies and iznnurskias with ocean enf neericg pro-
grats. ns c- -ndo of coreected d&ta should signiicanfly reduce the effort ctzrad being tc-
pended by sander~s, enpmaers and scmin m ibtexr search for data dispersed amg the many re-
pans ptAMhed osmr a 10-ear period by seeal Naval activiies.

Voluie IV of the Ocean Engineering Series is a compilaio ef four tecbnica reports that. focus

on the szrucmral perfcnance of acrilc windows, shaped as conical ftwmsu, under long-txm pres-
s==wmoo the defornaion and crack iniriation are noted and recorded as a function of pnesure
inaprizk and duration of loadmre. The pzessure and duratio of loading descrbe in the reports
apply direclyto conica frucstum windows of any sie with an identical tI.Di rati; whtile the displace-
menits ==- be multiplied by a scale: factor based on the ra2tio of mino diameters ont the test, and op-
e-aziooal Wfixdows.

J. D. Sachi-
Marine -Materials Office
Ocean Engineering M, ision
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WINDOWS FOR EXTERNAL OR INTERNAL HYDROSTATIC
PRESSURE VESSELS-PART IV. Conical Acrylic Windows Under
Long-Term Pressure Application at 2,000 Psi

Technical Report R-645

YF 38.535.005.01.005

by

J. D. Stachiw

ABSTRACT

Conical acrylic windows of 30-, 60-, 90-, 120-, and 150-degree included
angles have been subjected in their mounting flanges to 20,00 psi of hydro-
static pressure for up to 1,000 hours in the 32°F-to-75°F temperature range.
The displacements of the windows through the flange mounting have been
recorded and are graphically presented as a function of time, temperature,
conical angle, and thickness-to-diameter ratio for the ready r3ference of the
designer. A detailed study has also been made of the types of failure and of
the dimensional and structural parameters that must be considered in the
design of safe, operationally acceptable windows for long-term service under
hydrostatic pressure of 20,000 psi.

The test results indicate that a minimum.thickness to minor diameter
ratio of 2 and an included conical angle of 90 degrees or larger is required to
provide safe and optically acceptable windows for long-term sustained pressure
loadings of 20,000 psi.

This document has been approved for public release and sale; its distribution is unlimited.

Copies available at the Clearinghouse for Federal Scientific & Technical
Information (CFSTI), Sills Building, 5285 Port Royal Road, Springfield, Va. 22151
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INTRODUCTION

Previous studies on acrylic windows at the Naval Civil Engineering
Laboratory' 3 have shown that the short-term critical pressure of conical
acrylic windows for deep-submergence applications is a function of their
temperature, conical angle, as well as their thickness-to-minor-d;ameter
ratio (hereafter referred to as t/D ratio). No effort has been made to
determine what influence the duration of pressure loading has on the
critical pressure of acrylic windows, although there have been indications
that acrylic windows will fail when subjected to lower hydrostatic pressure
for long periods of time. .

Since ocean bottom structures equipped with acrylic windows will
be subjected to hydrostatic pressure for long periods, it is important to
generate design criteria that will permit the design of safe windows for long-
term submergence. These criteria are also important in the design of windows
for internal pressure vessels (Figure 1) in which long-term hydrostatic tests
are performed. It was to generate such design data that the present study
was conducted.

The objective of the study was to determine the following experi-
mentally for conical acrylic windows under 20,000-psi hydrostatic loading:

1. The effect of loading duration on the intiation and propagation of cracks
and fracture planes in windows of different t/D ratios and angles.

2. The effect of loading duration on the magnitude and rate of axial
displacement as well as plastic deformation of low- and high-pressure faces
of windows with different t/D ratios, and conical angles.

3. The effect of temperature on time-dependent displacement.

4. The dimensions required for windows of different conical angles that are
to serve as optically acceptable windows for a minimum of 1,000 hours of
service under 20,000-psi hydrostatic pressure.

The objectives of the study were to be met by pressurizing to 20,000
psi a series of small-scale conical acrylic windows with 30-, 60-, 90-, 120-,
and 150-degree angles and 0.75 < t/D < 2,0 ratios; that pressure would be
maintained for up to 1,000 hours while the displacements of the windows



and crack growth in the acrylic were noted. It was clearly understood that
some of the windows would be ejected in less than 1,000 hours, while others
would still be serviceable after this period. Empirical relationships between
the structural behavior of the window, duration of hydrostatic loading, and
dimentional parameters could be established by comparing the magnitude of
displacement, time of crack initiation, rate of crack propagation, or time to
catastrophic failure at different temperatures for windows of different conical
angles and t/D ratios. In addition the influence of temperature on the behavior
of the acrylic under long-term loading could be determined. For some win-
dow t/D ratios that have been tested previously under short-term loading, a
measure of strength degradation could be obtained by comparing thE r short-
term critical pressure to duration of loading prior to failure at 20,000 psi.
Furthermore, by extrapolating the displacements of windows that withstood
1,000-hour pressurization, a reasonable prediction can be made on their
displacement at a duration of pressure loading longer than 1,000 hours.

Figure 1. Window installed in end closure of 18-inch (inside diameter) pressuce
vessel for observation of test specimens.

2
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TEST SPECIMENS

More than 50imodel conical acrylic windows of 1-inch minor
diameter (Figure 2), machined from commercial Plexiglas G grade acrylic
plate stock served as test specimens. The-test plan is shown in Table 1.
The thickness-to-diameter ratio of these windows varied from 0.75 to 2.0,
while the conical angle ranged from 30 degrees to 150 degrees in 30 degree
intervals. For each thickness-to-diameter ratio and conical angle, at least
five specimens were to be tested. The range of data from these tests would
permit the designer utilizing this data to judge the repeatability of window
behavior and specify the appropriate safety factor accordingly. The model
window test specimens were made to fit the window-mounting flanges used
in the previous study for the determination of critical pressure of windows
under short-term pressure loading. For this reason, the minor diameter of
the window (Figure 3) was selected to be 1 inch with a plus or minus 0.005-
inch tolerance on the diameter. The conical angle of the windows was held
to a tolerance of plus or minus 15 minutes. The actual thickness of the
windows, which was the same as that of commercially supplied acrylic plates
with standard manufacturing thickness tolerance, differed considerably from
theirnominal thickness. By utilizing the full thickness of respective acrylic
plates, no machining and subsequent polishing was required on most of the
windows' light-transmitting surfaces. The conical bearing surfaces, machined
to a 32-rms finish, when covered with grease sealed the windows in the flange.

Material: Plexiglas G

Nomenclature

D = minor diameter (in.)
t = thickness (in.)
Ot = included conical angle (deg)

Dimensions

1. For 1.in.-diam windows:
D = 1.0; tolerance = ±0.005

t - nominal 3/4,7/8,1,1.1/4,1-1/2, 1-3/4,and,2

(manufacturer's plate thickness tolerances apply)
C4 = 30, 60, 90, 120, or 150; tolerance = ±15'

2. For 4-in..diam windows:

D = 4.0; tolerance = ±0.010
t - nominal 4 (manufacturer's plate thickness

tolerances apply)
C = 30,60, or 90; tolerance = ±15'

Figure 2. Dimensions of typical conical window specimens.
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Figure 3. Typical conical acrylic windows of 1-inch minor diameter used in the
experimental program.

In addition to the 1-inch-diameter model windows, 4-inch-diameter
windows (30-, 60-, and 90-degree included angles) of 1.0 t/D ratio were
fabricated. These full-scale windows were later subjected to a pressure
loading identical to that of the 1-inch-diameter windows (Table 1). The
objective was to compare the displacement and crack propagation of the
large and the small windows and to determine whether the displacements
and magnitudes of cracks of the large windows are in proportion to their
diameter. If such a relationship is established for the 30-, 60-, and 90-
degree windows, a reasonable assurance exists that the cracks and
displacements of large windows with other ccnicql angles under long-term
loading can be predicted on the basis of the measured cracks and displace-
ments of 1-inch-diameter windows of the same conical angle.

4
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T: snraad- zE d-sPazre-'jes tavs, a~iL~d aa
f mls uw ar,-J ls taieV. i rrarlcser dT er of lCte acsr Ie
,Afbe Ib aiwa"s es to the exrtdameic thee wmdwe acV ofn' t'e

Tsr Thim ,-e by5 oXe- e facre % s ff:ess vith the b wr, fR tct
caity in the fbae t Fig e 4 . viftle the h_0 B- Xe sie f ae maf ! he uv z 57,
exrema te dfffmuernr e grms in fhe or ml a! g crylic fdender
the %idzstatip ie . The t oeatre of thse ciations faL 2
des;;Oe5 (Fig ae I coni anrivSdoy w Dtke btedna.

tizn ef the can~ral cty in a okdericm sec n ti t -would act as a rad a
rergaion cai he eseg p tn d of the sindow (F yie 4). The length ci
the onr fza1 sen- n ied from flae to flange tebending cac the n-
lois ane a:n sD raof . In al cases, hceer, the setion ofas heswned
ta be pas theriot so f the extruded arylic plug wculd be radialsp
rpp te allong itsucyle leagth.

T lohe etr uing t nfieration is ;W& the only, or fr ta
matter, the optimum configuration for conical acrylic wind o w. uder
hytirostautic: pressure. To date two other munting configurations, DOL 2
and o5 (Fiure 8). have been conceived and briefly eperirented with-1

The differeef between the -two other mournting con figu rations and the
configuration which has been select ed for this study lies primarily in the
deree and type of support afforded by the flange to the bearing surfaces
of the window when the whole windo displaces axially under hydrostatic
loading. In ase of DOL 1 flange configuration, the portion of the window
displaced past the bottom of the conical flange seat receives radial support
from the walls of the cylind.ical cavity. The DOL 2 flange gives no support
at all to the extruding portion of the window, while the DOL 5 flange gives
both radial and axial support to the displaced portion of the window. When
some short-term exploratory experiments were conducted previously with
the three different types of flange configurations, it was noticed that most
windows tested in DOL 5 flange had the highest implosion pressures; those
tested in DOL 2 flange the lowest pressures. The magnitude of the beneficial
effect associated with the DO L 5 f lange varies with the position of the win-
dow in the flange, the included conical angle, t/D ratio, temperature, and
type of khydrostatic loading. Since the relationship between these variables
for a,,y given window in this study is not known, the DO L 5 f lange was not
chos,u, for the study. It would be an additionjal variable affecting the rate
of displacement and critical pressure, thus making it impossible to compare
on a standard basis the structural response to long-term loading of acrylic
windows with different t/D ratios and conical angles. The DO L 2 f lange was
not even considered for this experimental study as it is known to be inferior
to the two other flange configurations.

8



At3~iuig (Pvw~At Case of Ples"6316m

IDOL I Flarge and WindmCOf3tiN2E

\\D2 DD

vindow failed

DOL 2 Flange and Window Configuration

wvindow intact;

DOL 5 Flange and Window Configurationmduexrso

Note: All widows of same tID ratio pressurized to same pressure.

Figure 8. Window mounting configurations fcr conical windows.



PRESSURE VCSS,-r.S

The mmis tmed Fn this saJ ra,-e the cogrzerted 16-Ench ma-al gun
shetDs vAhl a 9.44,nch Entermtl d&rrEter attil the IaW~ vesl ith an 1-~
£Fttsrz.admeter. The safe operat6mml presszre caiifiy of both vewss
is 2a3'6O psi, andi ite& end c!Lsures are pf~wded -with threaded opeing~s to

At~ th ndw fangs cti e ataced.The i tesvwere Mated I-
the endi clssures of pressure vessels in srzii a nianr- that the lipessure

fmof Vie,-m-ndaw was under thl-e epeit in the flange and thus exposed
t5 aluno~sheric pressure, while !he hi~h-pressure face was acted upon by
the pressurizedmiaer insde the vessel (Fin'jre 9). By such an arrangement
iiie same pressure differentialv.-as generated thiat exists on a window in a
submerged structure, or on a ndv:. in an internal pressure vessel.

tI~rndial inaicatorarod

water under 20.000-psi pressure

Figure 9. Schematic of window test arrangement.
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- All of th e pressure vessels usid contaired a sfficient volume of
compressed water at 20.000 psi to prevent the small, day-to-day displace-
n- ens of the windows through the flange opening from decreasing the
pressure inside the vessel by more than 50 psi. Also, the compressed water
in the pressure vessel, and the stressed wall of the vessel contained sufficient
potential energy to eject the window once it became sofractionated by -

cracks and fracture planes-as to loose its structural integrity. This feature
of the pressure vessels was of great importance, as it permitted locking
20,000 psi of pressure inside the vessel for unatended operation.

INSTRUMENTATION

The instrumentation for the long-term pressure testing of acrylic
windows consisted of a pressure gage, a displacement indicator, and a
thermometer (Figure 9). The Bourdon type pressure gage measured the
hydrostatic pressure inside the vessel with ±50 psi accuracy, the mechanical
dial type displacement indicator measured with 0.001-inch accuracy the
displacement of the center of window's low-pressure face, while the
remote-reading Bourdon tube thermometer registered with ±0.50 C
accuracy the temperature of the water wetting the high-pressure face of
the window.

TEST PROCEDURE

The conical bearing surfaces of the windows were liberally coated
with silicone grease. After insertion of the window into the conical flange
cavity (Figure 10), a force of approximately 30 pounds was applied to the
window's high-pressure face to squeeze out most of the grease from between
the window and the flange. Subsequently the whole test assembly, consisting
of the end closure with window flange and window was placed into the pro-
per vessel prefilled with water and locked in place. The preparations for
testing were completed by mounting of the mechanical dial type displace-
ment indicator on the end closure. The dial indicator was mounted in such
a manner that thp rod of the indicator protruded through the opening in
the end closure and rasted firmly on the center of the window's low-pressure
face (Figure 11).

112
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The first step in the pressurization procedure of the window was to
pressurize the vessel to 1,000 psi and hold it at that pressure for 1 hour.
After 1 hour the pressure was dropped to zero and the dial displacement
indicator was reset to zero reading. This operational procedure insured
that the window was not 'earing against a thick layer of grease, and that
the displacements of the window recorded during following pressurization
to 20,000 psi would be a measure of window deformation, rather than
settlement.

The pressurization to 20,000-psi pressure level was conducted at
600-to-700-psi/min rate, and the displacement readings were taken at
1,000-psi pressure increments. After the pressdre inside the vessel reached
20,000 psi, the pumps were stopped, and the valve controlling the flow of
water to the vessel was closed. This operation concluded the pressurization
of the windows to their long-term operational pressure.

Some of the windows were subjected to 20,000 psi of hydrostatic
pressure for 500 hours, while others were kept at that pressure for 1,000
hours. In this manner the damage to the windows could be observed at
two discrete time intervals, one of them being twice as long as the other.
The pressure inside the vessels fluctuated as much as plus or minus 100 psi,
depending on the temperature of the ambient atmosphere. Moderate effort
was made to control the temperature of the water. Its temperature fluctuated
from 180 C to 230 C, depending on the season of the year, and the time of
day. Displacement, pressure, and temperature readings were taken three
times a day. When the readings were taken, the pressure inside the vessel
was also readjusted if it differed by more than 100 psi from the set pressure
of 20,000 psi. Such readjustments were very rare, and occurred either when
some minor leaks occurred in a hydraulic system or a temperature change
of more than 20 C took place.

The reasons for choosing room temperature as the environment for
long-term testing of windows are twofold. First, it imposes a more detri-
mental environment for extrusion of plastic windows because the mechanical
strength and viscosity of acrylic plastic in this temperature range are less5

than at temperatures in 320 F-to-40°F range generally found in the deep
ocean. Second, when acrylic plastic is used as viewport material in high-
pressure vessels, such vessels wil probably be operated at room temperature.

However, in order to have some indication of what change in window
displacement occurs when the temperature of the pressurizing medium is in
the 30°F-to-35°F temperature range commonly found in abyssal depths, a
group of 4-inch-diameter 90-degree windows with t/D = 1.0 has been subjected
to 1,000 hours of pressurization at 20,000 psi at that temperature.

13



After the windows were maintained at 20,000-psi pressure for the
desired time interval, the pressure was dropped to zero at a 100-psi/min rate.
After the pressure reached the zero-psi level, the end closure was removed
from the pressure vessel, and the window inspected for damage. From each
group of five identical test specimens one was carefully photographed both
on the low- and high-pressure faces to record the extent of cracking as well
as permanent deformation of the window surfaces (Appendix A). To give
the prospective window designers a feel for the magnitude of cold flow
cratering on the window's high-pressure face a rectangular grid was optically
superimposed on the window's face and the window was photographed.
The same operation was conducted in many cases for photographing of the
extended low-pressure faces.

Details on the design of window and flange systems are presented in
Appendix B and window displacement histories are described in Appendix C.

DATA REDUCTION

The data resulting from testing more than 200 windows at 20,000-psi
hydrostatic pressure for time periods between 500 to 1,000 hours are pre-
sented in this report pictorially (Appendix A) and graphically (Appendix C).
For the hydrospace engineer designing window/flange systems, the average
magnitude of window displacement for a given t/D ratio and conical angle
has been plotted, as well as the scatter between the five individual window
test specimens comprising each test group (Appendix C). The photographic
record of crack and fracture plane location and magnitude is presented in
Appendix A for all t/D ratios and angles, as it is impossible to foresee which
one will be selected by an engineer for design study, or by a scientist for
fracture mechanics study.

Although such detailed representation of test results is an absolute
necessity for the detailed design of window/flange systems, only a general
overview of window displacement as a function of t/D ratio and conical
angle is needed for technical feasibility and preliminary design studies. For
such applications, the details of experimental data tend to obscure the
general trends of the relationship between displacemenis and the main
structural parameters of the window/flange system.

To provide an overview, typical window deformation patterns
(Figures 12-18) illustrate general trends of window behavior under long-
term load. In addition, test results have been abstracbd, averaged, and
presented in summary form for ready reference in Figures 19 through 21.
When referring to these figures, it is important to remember that they
represent average displacement values without any indication of data
scatter; to determine scatter one must refer to figures in Appendix C.

14



cold-flow crater in

• high- ressure face

(a) Typical cold-flow cratering on window's high-pressure face.

low-presstre face

t Wioth convex bul

c rak s Jnba in low.a

(b) Typical cold-flow plug extrusion of window's low-pressure face.

Figure 12. One-inch-diameter x 0.75-inch-thick, 60-degree conical angle window
after 1,000-hour sustained pressure loading at 20,000 psi.
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(a) Comparison of plug extrusions.

(b) Comparison of cold-f low craters.

Figure 14. One-inch-diameter, 60-degree conical windows after 500-hour sustained
loading at +20,000 psi and 700 F.
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(a) Comparison of plug extrusions.

T

(b) Comparison of cold-f low craters.

Figure 15. One-inch.diameter windows with t/D = 1.0 and different conical angles
after sustained loading at 20,000 psi for 1,000 hours in 650 F-to-75°F
temperature range.
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(b) Comwm'ison of cold-flow at
Figure 16. One-inch-diameter, 60-degree conical window with WID =0-875 subjeted to

different durations of loading at 20,000 psi in 65F-to-750 F temperature rane-

Figure 17. Comparison of crack distribution on I-inch-diameter wind~ows with
t/D = 2.0 and 30-, 60-, and 90-degree conical angles after 1,000
hours loading under 20,000 psi in 650 F-to-750 F pressure range.
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(a) Fracane a nfa co bniswfame

* (b) I'ighpremire fac intersected by facture "ifame

(C) Tw sparatedi fragimerits of the window.
Figure 18. One-inch-diameter, 90.degree windlow with t/D =0.75 after

1,000 hours of loading at 20,000 psi.
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Although the experimental data are based on a time period of only
1,000 hours (the extent of maximum loading durationrof windows in this
study), the data are extrapolated for an additional 1,000 hours of load
applications for each t/D ratio and angle (Aoppendix C). This should allow
hydrospace window designers to predict the displacement of windows with
a high degree of confidence for 2,000 hours of sustained hydrostatic load
application. For 1 -inch-diameter windows with a t/D ratio of 2.0 extrapola-
tions have been made to 100,000 hours (Figure 22).

1.000 PRESSURE: 2,.1 Psi
I TEMPERATURE: 65-759F -

MATERIAL: PLEXICLAS " ,.
DIAMETER:1.CO0 INCH 1414

&1 00- Z:j0

rz 0.010- A=90 Li- I t I~
I *S O, 4

yDISPLAEMENT OF CONICAL
a TT1T i,- ACRYLIC WINDOWS

UNDER LONG TERM

0H"YDROSTATIC PRESSUR L1 10 100 1,000 10,000 100,000
lime (hours)

Figure 22. Extrapolation to 100,000-hour loading duration of displacements
generated by 1-inch-diameter windows with t/D = 2.0 under
20,000-psi sustained pressure for 1,000 hours.

SUMMARY OF TEST OBSERVATIONS

Deformations

All of the windows subjected to long-term 20,000-psi hydrostatic
loading in DOL 1 flanges underwent time-dependent elastic and/or plastic
deformation; the magnitude and character of the deformation varied with

the window diameter, thickness, included angle, temperature, and length
of loading. Some of the windows extruded plastically through the cylin-
drical flange opening to such an extent that after a time they lost their
ability to withstand hydrostatic pressure and failed catastrophically. The
time-dependent plastic deformation of the windows consisted of coPl-f low
cratering on the window's high-pressure face and plug extrusion of the
low-pressure face (Figure 12). This deformation was accompanied by
formation of cracks on the high-pressure face, low-pressure face, and
conical bearing surface. The deformation was considerably less at 320 F
than at room temperature (Figure 13a).
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The 20,000-psi pressure loading under which some of the windows
failed was considerably lower than-the pressures required to cause similar
windows to fail under short-term hydrostatic loading in previous studies.1', 2

Since in this study the failure of windows in less than 1,000 hours after
pressure application took place only for two t/D ratios and angles, it is
exceedingly hard to formulate general rules. It is certain, however, that the
difference between critical pressures under short-term and long-term loading
can be considerable. For the two groups of windows that failed in this study
at 20,000 psi, the decrease in their short-term strength was 9% for the 30-
degree window with t/D = 0.875, and 23% for the 60-degree window with
t/D = 0.625. In the former case the average duration prior to catastrophic
failure was 42 minutes, while in the latter case it was 157 minutes. This
demonstrates that critical pressure of acrylic windows is intimately related
to duration of hydrostatic loading. By decreasing the magnitude of hydro-
static loading, the duration of sustained load-carrying ability is increased.

Since the magnitudes of cold-flow cratering, plug extrusion and
crack depth are larger for 4-inch-diameter windows than for 1-inch-diameter
windows (Figure 13b) of same t/D ratio and angle, it would appear that the
experimental data generated in this study by 1-inch-diameter windows are
directly (without any scaling factor) applicable only to windows of 1-inch-
diameter. However, because the deformation of the 4-inch-diameter
windows tested in the DOL 1 flange also under 20,000-psi hydrostatic
pressure is approximately four times larger than that of comparable 1-inch-
diameter windows, it can be assumed that the deformation of conical
acrylic windows is linearly scalable and the deformation data collected
on 1-inch windows under 20,000-psi hydrostatic pressure can serve as a
basis for predicting the deformation of acrylic windows of any diameter
under 20,000-psi hydrostatic pressure.

The magnitude of cold-flow cratering on the high-pressure face,
and the plug extrusion on the low-pressure face appears to be related to
temperature, duration of sustained loading, t/D ratio, and conical angle.
In general, an increase in t/D ratio (Figure 14), and conical angle
(Figure 15) decreases the magnitude of extrusion and cold-flow cratering.
An increase in duration of sustained load application on the other hand
increases the magnitude of cold flow (Figure 16). Low temperature favors
small deformations, while elevated temperature causes large deformations.

The conical bearing surfaces of the windows have been observed
to harbor many fine cracks propagating into the interior of the windows
at approximately a right angle to the bearing surface. The number of
cracks, their depth, and pattern of distribution has been found to vary
with the window's t/D ratio, conical angle, length of loading, and temper-
ature. An increase in duration of loading and temperature, decrease in
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t/D ratio, and a decrease in conical angle have been associated with an
increase in number of cracks as well as their depth. An interesting phe-
nomenon associated with the change in conical ang!e was that not only
the number of cracks changed but also their distribution on the conical
bearing surface. Generally speaking, it appears that the smaller the angle
of conical windows with a given t/D ratio, the more general is the distri-
bution of cracks over the whole bearing surface. Thus, for example for
30-degree windovs the whole bearing surface is covered with cracks, while
for 150-degree windows all of the cracks on the bearing surface are
concentrated near the low-pressure face (Figure 17).

If the t/D ratio of the window was low bnd the conical angle was
equal to or larger than 90 degrees, a fracture deve/ped that divided the
window into two fragments. Since the fracture originated in most cases
from one of the many cracks present on the conical bearing surface, and
it propagated itself at right angles to the bearing surface, the shape of
resulting fracture was that of a cone with its apex intersecting the high-
pressure face of the window. The resulting two fragments of the window
had either the shape of an annular ring, or of a plug with two intersecting
conical surfaces (Figure 18). In those cases in which the loading of the
window was terminated before the window was divided by the fracture
into two separate fragments, an incomplete fracture was observed.

Displacements

When the magnitudes of displacements for windows having different
t/D ratios, conical angles,-and duration of loading were compared, several

observations were made. For all windows, regardless of their t/D ratio
(Figures 19 and 20), the displacement after the same length of loading at

20,000 psi and 65°F-75°F appeared to be largest for 30-degree windows
with the displacement becoming progressively smaller as the conical angle
increased to 150 degrees. The largest decrease in magnitude of displace-
ment took place between 30 degrees and 60 degrees, followed up by a
smaller decrease between 60 degrees and 90 degrees (Figure 19). Some
minor additional decrease took place between 90 and 150 degrees of
conical angle, the magnitude of the decrease being related in some manner
to the t/D ratio. When the t/D ratios were small, the differences in

magnitudes of displacement between windows of same t/D ratio but
different conical angles were very large (Figure 20a, b, c, and d). On the
other hand, when the t/D ratios were large, the differences in magnitudes
of displacement between windows of same t/D ratio but different conical
angles were small for the same duration of loading (Figure 20e, f, and g).
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When the magnitudes of displacement for windows of same conical
angle but different t/D ratios are compared after the same loading duration
(Figure 21), it appears that considerable decrease in the magnitude of
extrusion occurs as the t/D ratio is increased in lower t/D ratio range,
followed by very little decrease as the t/D ratio is increased in higher t/D
ratio range. Thus for 30-degree windows (Figure 21a), most of the displace-
ment decrease takes place at ratios up to t/D = 1.5; for 60-, 90-, 120-degree
windows (Figure 21b, c, and d) at ratios up to t/D = 1.25; and for 150-
degree windows (Figure 21 e) at ratios up to t/D = 1.0.

When one compares the magnitudes of displacement for different
t/D ratios of a constant conical angle at different durations of loading
(Figure 19) it can be observed that the shorter the duration of loading, the
less difference there is between the magnitudes of measured displacement of
different t/D ratios for a given angle. Thus for 1-hour duration of loading
the magnitudes of displacement for 0.75 t/D and 2.0 t/D windows with a
90-degree included angle are approximately of the same magnitude (Figure 19a),
while for 1,000-hour duration of loading the displacements for those two t/D
ratios are of significantly different magnitudes (Figure 19e).

Data generated by windows that failed prior to completion of the
1,000-hour sustained pressure loading indicated that under a sustained pres-
sure loading at 65 0 F-to-75°F a catastrophic window failure rarely occurs
before the magnitude of the window displacement is equal to at least 50%
of the original window thickness. For 30-degree windows the magnitude
of displacement prior to catastrophic failure under sustained loading has
generally been equal to original window thickness (Figure C-1). The
displacement of 60-degree windows (Figure C-2) is somewhat less than
the original window thickness, but still well over 75% of original thickness.
For angles larger than 60 degrees, the exact amount of displacement prior
to catastrophic failure is not known but in all probability it is about 50%
of original thickness. This large displacement can be used to actuate an
alarm system sensor in ample time before failure takes place.

Although the experimental data generated in this study are based on
the displacement of model windows under long-term loading of 1,000 hours
maximum duration, a fair extrapolation of window extrusions for longer
loading duration is feasible. This long-range extrapolation is possible because
it has been observed that when displacement of windows is plotted versus
time on log-log coordinates, a straight line results. Such an extrapolation
has been prepared for all windows for t/D = 2.0; the graph has been plotted
for long-term loading up to 1 00,000-hour duration under 20,000 psi in
65°F-to-75 0 F+ temperature range (Figure 22). On the basis of this
extrapolated data it appears that acrylic windows of t/D = 2.0 and 30-,
60-, 90-, 120-, and 150-degree conical angles will withstand approximately
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10 years of sustained pressure loading without catastrophic failure. This
prediction is based on the observation that none of these windows appear

to have even one-half-the projected displacement in 100,000 hours which

is generally considered necessary for failure of conical windows under long-

term loading.

Effect of Flange Design

The displacement data generated by this study are directly applicable
only when the DOL 1 flange is used for containment of windows in a pres-
sure hull. Although only a few exploratory experiments were performed
in this study on the influence of flange design, it was observed previously1

that when DOL 2 flange is used the axial displacements become significantly
larger, while when DOL 5 flange is used they become significantly smaller.
Thus if the DOL 5 flange is used, the displacement data will be conservative;
the actual displacements in DOL 5 flanges of any conical angle will be less.
If DOL 2 flanges are used, the displacement data will be quite inapplicable;
the window in this flange will be unsafe because it will displace significantly
faster than the data of this report predict. The details of DOL 1 and DOL 5
flange designs are discussed at length in Appendix B.

FINDINGS

Conical acrylic windows are subject to static fatigue, which exhibits

itself by time-dependent viscoelastic and viscoplastic deformation, time-
dependent initiation and propagation of cracks, and time-dependent
catastrophic failure. Specifically:

1. The deformation of the windows takes the form of plug extrusion through
the cylindrical passage in the flange accompanied by the formation of a
crater in the center of the window's high-pressure face.

2. The initiation of cracks takes place on the conical bearing surface followed
by time-dependent propagation of fractures into the interior of the window
at approximately a right angle to the bearing surface.

3. The displacement of the conical windows through a flange increases with
the temperature, pressure, and duration of sustained hydrostatic pressure,
and decreases with conical angle and t/D ratio.

4. Where specimens had a t/D ratio equal to or less than 1.0 and/or included
angles of 30 or 60 degrees, catastrophic failures occurred in less than 1,000
hours of sustained loading at 20,000 psi.
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5. Only windows with a t/D ratio equal Jo or greater than 1.25 did not fail
catastrophically in 1,000 hours of sustained loading at 20,000 psi.

6. The decrease in magnitude of time-dependent displacement when t/D is
increased from 1.0 to 1.25 is greater than the decrease observed when t/D
is further increased from 1.25 to 2.0. The increase in t/D above 1.25, how-
ever, causes a very noticeable decrease in the number and depth of cracks
on the conical bearing surface of the window.

7. The rate of displacement for windows through the flange is not a linear
function of time, and as a general rule, the displacement occurring during
the first hour of sustained loading is greater than the displacement taking
place during the following 1,000 hours.

8. The deformation of the low- and high-pressure faces and the displacement
of the window through the flange were approximately 30% less in the 320 F-
to-40°F temperature range than in the 65°F-to-75°F range in which the
bulk of the experimental data was generated.

CONCLUSIONS

1. When windows are to be utilized in structures subjected to long-term
external or internal hydrostatic pressure, the duration of loading must be
taken into consideration in selecting the t/D and angle of the conical acrylic
window, since the catastrophic failure of the window under long-term
sustained loading occurs at pressures invariably lower than under short-
term loading.

2. It is absolutely necessary to know the magnitude of displacement, plastic
surface deformation, and crack propagation as a function of time to design
with confidence conical acrylic windows for long-term hydrostatic loading.

3. The time-dependent displacement curves and photographic record of
cracks and plastic distortions of windows under 20,000-psi long-term
hydrostatic loading from this experimental study make it possible to
specify the dimensional proportions of conical acrylic windows required
for safe and optically acceptable long-term service under hydrostatic
pressures between 15,000 and 20,000 psi.

4. The performance of full-scale conical acrylic windows under sustained
loading in terms of their deforma un, displacement, and crack distribution
can be predicted with reasorable accuracy on the basis of model windows.

5. For service under sustained hydrostatic loading at 20,000 psi and up to
1,000 hours duration, windows with a t/D ratio equal to or less than 1.0
and/or included angles equal to or less than 60 degrees are unsatisfactory.
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DISCUSSION
1-1nch-Diamr Conical Windows

, ~~~~~~3 Degree.Al ;, :!vi', i tD<.75f!1r :.Jes . r g 20OO psi d rasn of hydrostic pressue The at
cc-.plez~cn ofs tresz ne~ o these wind were me sredIaad ptocraph . The same is trum of vL,-,ws with a /D = 0.875, exept

:hat they failed under su-tained pressure after the hydrostatic pressure of
20,000 psi vwas reached. Only %infots. with t/D > 1.0 survived the 500- or
1,CO0-h ur sustained pressure application and remained fcr inspection
(FiWire A-I.

Cold-flow cratering vas observed only on the high-pressure faces of
v,-dosith 1.0 4 t/d < 1.25, wile cold-flow extrusion of the low-pressure
face in the form of a plug was observed on all of the winviows with 1.0 <
t/D 4 2.0 (Figures A-1 through A-5). Besides the extrusion in the form of
a plug, the lov-pressure face also underwent some change of surface curva-
ture. The low-pressure face changed its surface from plane to convex
(Figures A-2 and A-4) with the radius of curvature on the convex surface
being related tQ the amount of plug extrusion. Thus, windows with extremely
large plug extrusions vere observed to possess such a short radius of curvature
that cracking of the low-pressure face surface took place (Figures A-1 and A-2),
while windows with very small plug extrusions possessed convex low-pressure
faces with very !ong radius of curvature (Figure A-4). In general it appears
that the magnitude of the cold-flow cratering and of the plug extrusion on
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The nical seating srface of ail 30degr w; ith,,s wkh 1.0 4 JD
2.0 vvs f.-d ta be cred %ith fine cracks exteniing into the windw's
nrs!-sr as approximately right angles to the conical seating surfame. The

dEpth G- penraion %&as in rKos! casesrsallow, less than 1/16 inch. In sone
,low, a fracture p!enee, cuttirng across the whole body of the window, was

cbs-er ' inubediately blow the transition zone of the window where the
cyii~mdcal pJ j ins; te conica! ,indo v body (Figture A-31. There is a
VioMg suicicn that this fracture separating the extruded p!,Jg from the
rest ef tbe vindow, body occurred during depressurization when the conical
part of the windov body could not relax because the extruded plug was
v, t--d tfiht in the cylindrical opening. Because of this restraint on relaxa-
tion, tensile forces wvere ce-Derated at the shape transition zone resulting in
the hrizontal fracture plane. In all windows tested, cracks in tlk CZnical
seating surface ere concentrated in the first 80% to 90% of the vAndowvs
thickness, meaasured axially along the conical bearing surface from the minor

vineer end.
From the observation of cold-flow deformations and fractures in

the 30-degree conical windovvs it appears that no windows in the 1.0 < t/D <
20 rarge will be optically satisfactory when subjected to 20,000 psi for
duration of sustained loading equal to 1,000 hours in a DOL 1 type flange.
Even windows with t/D = 2.0 exhibit excessive extrusion and conical bearing
surface cracking (Figure A-5). Thus from an optical viewpoint it would
appear that a 30-degree window for 20,000-psi long-term, high-grade optical
service should have t/D > 2.0, as only then will the cold-flow extrusion and
the curvature of the low-pressure face be of such small magnitude that the
optical properties of the window will remain satisfactory.

60 Degree. All 60-degree windows with a t/D < 0.5 failed during
raising of the hydrostatic pressure to 20,000 psi. All those with t/D < 0.625
failed some time during the sustained 20,000-psi hydrostatic loading. Thus
no windows with t/D < 0.625 remained for inspection after the 1,000-hour,
20,000-psi pressure loading, and all observations are based only on windows
with t/D > 0.75 (Figures A-6 through A-12).

Cold-flow cratering of the high-pressure face was noticeable only in
60-degree windows with 0.75 < t/D < 1.25 (Figures A-6, A-7, and A-8); cold-
flow plug extrusion has been observed on all windows in the 0.75 < t/D <
2.0 range (Figures A-6 through A-12). The magnitude of the cold-flow

I
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cratering and plug extrusion appears to be related to the duration of load
application and the window's tiD ratio so long as the ambient temperature
is consttanL Small tID ratios and 1.000-hour duration of loading produced
larger cold-flm deformations than large tID ratios, or only 500-hour load
duration.

In windows with 0-75 < t/D < 1.25, the cold-flow plug extrusion
vas accompanied by convex bulg:ng up of the low-pressumre face of such
magnitude that considerable fracturing of the low-pressure surface took
place (FiguresA-6 and A-7). C- acks in the conical bearing surface were
present in all of the windows, but those having t/D > 1.75 were found to
have only very few minute cracks on the conical seating surface (Figures
A-i 1 and A-12). These cracks on the conical seating surface were concen-
trated in the first 50% to 60% of window thickness measured axially along
the conical bearing surface from the window's minor diameter.

From the observation of cold-flow deformations and fractures in the
60-degree conical windows, it appears that only windows with tID> 2.0
vill perform satisfactorily in high-grade optical systems when subjected to
20,000 psi of sustained hydrostatic loading for time periods equal to, or less
than, 1,000 hours in a DOL 1 type flange.

90 Degree. All 90-degree windows with t/D < 0.5 failed during
raising of the hydrostatic pressure to 20,000 psi. Most of the windows with
t/D = 0.625 failed during the 1,000-hour loading under the sustained
20,000-psi hydrostatic pressure, thus the main body of observation: is
limited to windows with t/D > 0.75 (Figures A-13 through A-19).

Cold-f low cratering of the high-pressure face was observed in all of
the 90-degree windows with t/D < 1.0 (Figures A-13, A-14, and A-15), It
is only with t/D > 1.0 that the cold-flow cratering of the high-pressure face
becomes so small as to be barely noticeable (Figures A-16 through A-19).
Cold-flow plug extrusion has been observed on all windows with t/D < 2.0.
The magnitude of the plug extrusion was found to be related to the duration
of pressure application and to the window's t/D ratio so long as the ambient
temperature remained constant. Both small t/D ratios and long sustained
pressure loading tended to increase the magnitude of cold flow. The magni-
tude of cold-flow plug extrusion on windows with t/D = 0.75 was so great
that considerable bulging and cracking of the low-pressure face took place
(Figure A-13). No cracking of the low-pressure face was observed with
windows in the 0.875 < t/D < 2.0 range (Figures A-14 through A-19). The
low-pressure faces of windows in the 1.0 < t/D < 2.0 range, instead of being
convex were flat with a slightly raised edge; this edge created the illusion that
the surface was slightly concave.
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(a) Low-pressure face.

I (a) Low-pressure face.

(b) High-pressure face.

Figure A-1. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in (c) High-pressure face with grid.
65 0F-to-75°F temperature range; 30-degree cone, Figure A-2. Conical acrylic window after constant hyc
t/D = 1.0, 1-inch minor face diameter. temperature range; 30-degree cone, t/D



(a) Low-pressure fae (b) Low-pressure face with grid.

(c) High-pressure face with grid.
Figure A-2. Conical acrylic window after constant hydrostatic pressure loading to 20,000 psi for 1,000 hours in 650)F-to.?60Fhydrosta temperature range; 3Odegree cone, tID = 1.25, 1 -inch minor face diameter.
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(a) Low-pre ure face. (a) Low-pressure face.

(b) High-pressure face. (b) High.pressure face.

Figure A-3. Conical acrylic window after constant hydrostatic Figure A-4. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in
65°F-to-75OF temperature range; 30-degree cone, 65OF-to-75OF temperature range; 30-degree cone,
t/D = 1.5, 1-inch minor face diameter. t/D = 1.75, 1-inch minor face diameter.
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(a) Low-presure face. (a) Low-pressure face.

(b) High.pressure face. (b) High-pressure face.

Figure A-4. Conical acrylic window after constant hydrostatic Figure A-5. Conical acrylic window after constant hydrostatic

pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in

65OF.to.75OF temperature range; 30-degree cone, 650 F-to-75OF temperature range; 30-degree cone,

t/D 1.75, 1-inch minor face diameter. t/D = 2.0, 1-inch minor face diameter.
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(a) Low-pressure face.

(a) Low-pressure face.

(b) High-pressure face. (b). High-pressure face.
Figure A-6. Conical acrylic window after constant hydrostatic Figure A-7. Conical acrylic window after constant hydrostatic Figurei

pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in
65°F-to-75°F temperature range; 60-degree cone, 65°F-to-75°F temperature range; 60-degree cone,
t/D - 0.75, 1-inch minor face diameter. t/D = 0.875, 1-inch minor face diameter.



(a) Low.pressure face. (a) Low.pressure face.

ureA-8. Q (b) High-pressure face. (b) High~pressure face.

pr Figure A.7. Conical acrylic window after constant hydrostatic Figure A-8. Conical acrylic window after constant hydrostatic Figure A

6E pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in

t/ 650 F-to-75°F temperature range; 60-degree cone, 650 F-to-75°F temperature range; 60-degree cone,

t/D = 0.875, 1-inch minor face diameter. t/D = 1.0, 1-inch minor face diameter.



(a) Low-pressure face.

(a) Low-pressure face.

(b) High-pressure face. (b) High-pressure face.
Figure A-8. Conical acrylic window after constant hydrostitic Figure A-9. Conical acrylic window after constant hydrostatic

pressure loading to 20,000 psi for 1,000 hours in pressLre loading to 20,000 psi for 1,000 hours in
650F-to-750F temperature range; 60-degree cone, 650F-to-750F temperature range; 60-cdegree cone,

igure A-9. CO tID 1.0, 1-inch minor face diameter. tID 1.25, 1-Inch minor face diameter.
pre
65
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(a) Low-pressure face.
(a) Low.pressure face.

(b) High-pressure face. (b) High-pressure face

Figure A-10. Conical acrylic window after constant hydro- Figure A-1 1. Conical acrylic window aft,

static pressure loading to 20,000 psi for 1,000 static pressure loading to 21

hours in 650 F-to-75°F temperature range; hours in 650 F-to-75OF terr

60-degree cone, t/D = 1.5, 1-inch minor face 60-degree cone, t/D = 1.75

diameter. diameter.



face.
(a) Low-pressure face.

it

Vi

eface.
after constar (b) High-pressure face.

3 to 20,000 psi Figure A-11. Conical acrylic window after constant hydro- Figure A-12. Con
F temperature static pressure loading to 20,000 psi for 1,000 stati

1.75, 1-inch n hours in 650 F-to.75OF temperature range; hou

60-degree cone, t/D = 1.75, 1-inch minor face 60-c

diameter. diar



(a) Low-pium' (a) Low-pressure face.

a) Low-pressure face.

(b) Higl(bHihpesrfa.
Conical acry (b) Highpressure face. FigHg~peure A1.Cnclaricwdoftcontnhdo
static pressui al acrylic window after constant hydro-Fiue-1.Cnalaricwdoafrcnsnthr-
hours in 650 pressure loading to 20,000 Psi for 1,000 static pressure loading to 20,000 psi for 1,000

60-degree cc in 65OF-to75OF temperature range; hours in 65°F-to-75°F temperature range;

diameter. gree cone, t/D =1.75, l-inch minor face 60-degre cone, t/D =2.0, 1-inch minor face

ater. diameter.
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(b) View of hgh-pessure face sIhoaing amuxar fraynent.

Figure A-13. Cortial aczyicwindow after wmans hye~rosza* preswre loacgrg tw20.00 psi for 1,00 hours in 650F-to-750 F
tenperaure rage; 90iegree com, VID - 0.75. lirch mkno face dianeteE
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Ib) H4)1presure fame

Figure A-14. Cosila wr ia wkxdow after constant hydrostatic Ftr
Figure A~ presr oai to 20,000 psi for 1,000 hours in

xeure Ioacu to 20A00 psi for I.000 hours in 65P-to-75PF 650 F-to-750 F temperature ran~ge: R0-egree cone,
sch r--or fac ameter tfD - 0.875, 1-nch minor face diaineter.



(3) Lo -presue U OL( 
a Lowprssue f c e.

(bi ighpressure face. (b) High-pressure face.

F~ueAFigure A-14. Conical acrylic wizidow after cntait hydrostatic FigjureA415. Conical actylic window after constant hydrostaticFigrePressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1.000 hours in
650 F-to-750F temiperature ranger £0-egre cone, 650F-to-75OF temnperature range; 90-degree cone,t/D *0.675, 1-inch minor face diameter. t/10= 1.0, 1-inc nor face diameter.
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(a) Low-pressure face.

(a) Low-pressure face.

(b) High-pressre face. (b) High-pressure face.
FigureA416. Conical acrylic window after constant hydrostatic Figuzre A*17. Conical acrylic window after constant hydrostatic

pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in
650F-to-75OF temperature range; 90-degree cone, 650F-to-75OF temperature range; 90-degree cone,
t/D -1.25, 1-inch minor face diameter. t/D =1.5, 1-inch minor face diameter.



(a) Low-pressre face. (a) Low-pressure fact.

Fiue(b) High-pressure fare. (b) High-pressure face.FaieFigure A-17. Conical acyi idwatrcntn yrsai Figure A-18. Conical acrylic window after constant hydrostatic Figure A-1Pressure loading to 20,000 psi for 1.000 hours in pressure loading to 20,000 pst for 1,000 hours in5F 0F-750p temperature range, 90-degree cone, 650F-to-75OF temperature range; 90-degree cone,tD 1.5, 1-inch minor face diameter. t/D -1.75, 1Finch minor face diameter.
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(a) Low-pressure face. (a) Low-pressure face.

(b) High-pressure face. (b) High-pressure face.

Stat, Figure A-18. Conical acrylic window after constant hydrostatic Figuire A-19. Conical acrylic window after constant hydrostatic
,s in pressure loading to 20,000 p.i for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in

e A-19. C0 oOne. 650F-to-750F temperature range; 90-dlegree cone, 650F-to-75OF temperature range; 90-dlegree cone,
pre tJD =1.75, 1-inch minor face diameter. tJD =2.0. 1-inch minor face diameter.
65'
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A number of surface cracks were observed on the conical seating
surface of windows with t/D < 0.875. The conical fractures, an extension
of conical seating surface cracks, were found to penetrate the body of the
window and reappear on the window's high-pressure face. In windows with
t/D = 0.75 the fractures penetrated the body of the window in less than
500 hours causing the window to be separated into two fragments (Figure
A-1 3). The same kind of fracture was observed with windows of t/D = 0.875,
except that in these windows the fracture did not penetrate the body of the
window completely in 500 hours. In the windows with t/D = 0.875 it took
1,000 hours of pressure application before the fracture penetrated the whole
body of the window (Figure A-14). For t/D ratios 0.75 and 0.875, the coni-
cal fracture originated on the conical seating surface and propagated into the
interior of the window at approximately right angles to the conical surface.
When the conical fracture penetrated the whole thickness of the window
body it reappeared on the window's high-pressure face on the edge of the
cold-flow crater. If the window is subjected to a sufficient loading duration,
complete fragmentation of the window into two parts results (Figure A-13).
One part of the window forms an annular ring and ceases to act as a load-
carrying number, while the central part of the window becomes the sole
load-carrying member. With time a considerable separation between
originally joined surfaces takes place; the central part of the window
continues to extrude through the flange opening while the annular part
of the window remains in the original location with respect to the flange.
Windows with t/D > 1.0 did not fracture after exposure to 20,000 psi for
1,000 hours. Surface cracks, if present, were concentrated in the first 40%
to 50% of the window's thickness measured axially along the conical bearing
surface from its minor diameter end.

From observation of cold-flow deformations and fractures in
90-degree conical windows, it appears that only windows with t/D > 2.0
will perform satisfactorily in a high-grade optical system when subjected to
20,000 psi of hydrostatic loading for time periods equal to or less than
1,000 hours in a DOL 1 type flange.

120 Degree. All 120-degree windows with t/D = 0.5 failed during
raising of the pressure to 20,000 psi, while most of the windows with t/D =

0.625 failed during 1,000 hours of 20,000-psi hydrostatic loading. Thus,
comments on windows removed from the vessel after long-term pressuriza-
tion are limited to windows with 0.75 < t/D < 2.0 (Figures A-20 through
A-26).

Cold-flow cratering of the high-pressure face was observed on all
120-degree windows with t/D < 1.0 (Figures A-21 and A-22). Only windows
with t/D > 1.25 did not show any noticeable cold-flow craters (Figures A-23,
A-24, and A-26). Cold-flow plug extrusion was observed on all the windows
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with t/D < 2.0, and the:magnitude of the extrusion appeared to be related to
the duration of loading and window's t/D ratio so long as the temperature
remained constant. Both long duration of sustained pressure loading and
small t/D ratios increased the magnitude of cold flow. The magnitude of
plug extrusion in windows with t/D = 0.75 was so great that deformation
of the low-pressure face took place (Figure A-20). The resulting convex sur-
face of the low-pressure face was cracked in many places. No cracks were
observed on the low-pressure faces of windows with t/D > 0.875 (Figures
A-21 through A-26).

Considerable cracking and fracturing was observed in windows with
a t/D < 0.75. The conical seating surface cracks extended through the body of
the window and reappeared on the window's high-pressure face. In windows
with t/D = 0.75, the conical fracture penetrated the body of the window
completely in less than 500 hours of load application causing the window
to separate into two fragments (Figure A-20). After the window had frag-
mented into two parts, only the central part of the window continued to
carry the load while the annular fragment remained in its original position
with respect to the flange. I n windows with 0.75 < t/D < 1.0, cracks were
present on the conical seating surfaces, but did not penetrate through the
whole body of the window. In some of the 0.875 and 1.0 t/D ratio windows,
the conical fracture was already well initiated on the conical seating surface
after the 1,000-hour loading (Figure A-22), while in windows with a t/D <
1.5 only pronounced cracks were present at that location (Figures A-23 and
A-24). Hairline cracks on the conical seating surface were found even in
windowswith t/D = 2.0 (Figure A-26). All cracks in the conical seating
surface appeared in the first 10% to 20% of the window's thickness measuring
axially along the conical bearing surface from the minor diameter of the win-
dow.

From the observation of cold-flow deformations and fractures in
120-degree conical windows, it appears that only windows with t/D > 1.75
will perform optically in a satisfactory manner when subjected to 20,000
psi of hydrostatic loading for time periods equal to or less than 1,000 hours
in a DOL 1 type flange.

150 Degree. All 150-degree windows with t/D = 0.5 failed during
raising of the hydrostatic pressure to 20,000 psi. Most of the windows with
t/D = 0.625 failed during the 1,000-hour, sustained 20,000-psi hydrostatic
pressure. Thus, the main body of observations is limited to windows with
0.75 < t/D < 2.0 (Figures A-27 through A-30).
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(a) Low-pressure face (assembled). (a) Low-pressure face.

Wb Low-pressure face (disassembled). (b) High-pressure face.

Figure A-20. Conical acrylic window after constant hydrostatic Figure A-21. Conical acrylic window after constant hydrostatic Figure A-22. Conicalz
pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in pressure
650F-to-750 F temperature range; 120odegree cone, 650F-to-75OF temperature range; 120 degree cone, 650F-to-
t/D -0.75, 1 -inch minor face diameter. t/D =0.875, 1-inch minor face diameter. t/



(a) Low-pressure face.

(a) Lo(a) Low-pressure face.

(b it(b) High pressre face. (b) High pressre face.

ical acrylic w irsai tn yrsai
re loading dottcFigure A-21. Conical acrylic window after constant hydrostatic Figure A-22. Conical acrylic window after constn yrsai

F-to-75 0F te hours in pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 Psi for 1,000 hours in
=1.0, 1-inh igree cone, 650F-to-75OF temperature range; 120-degree cone, 650 F-to-750 F temperature range; 120-degree cone,

tJD - 0.875, 1-inch minor face diameter. t/D - 1.0, 1-inch minor face diameter.



(a o-pesrefc.

((a) Low-pressure face.

(b) Highpressure face. (b) High-pressure face.

Figure A-22. Conical acrylic window after constant hydrostatic Figure A*23. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in
650F-to-75OF temperature range; l20-degree cone, 650F-to-750F temperature range; 12O-degree cone,
I/D 1.0, 1-inch minor face diameter. t/D =1.25, 1 -inch minor face diameter.
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(a) Low-pressure face.

(a) Low-pressure face.

(b) High.p~supfc.ib ihpressure face.

Figure A-24. Conical acrylic window after constant hydrostatic Figure A-25. Conical acrylic window after const
pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for
650F-to-75OF temperature range; 120.degree cone, 650F-to-750 F temperature range;
t/D -1.5, Finch minor face diameter. t/D 1.75, 1 -inch minor face diamn



(a) Low-pressure face.

flb) High-pressure face.

ce.

Itic Figure A25. Conical acrylic window after constant hydrostatic Figure,

constant hydrost, in 

pressure loading to 20,000 psi for 1,000 hours in

ane 120.degree c tlD -1.75, 1-Inch minor face diameter.

ei fo ,d om oetet-5O 

eprtrerne 
2-dge oe



a) Low-pressure tace. (a) Low-pressure face.

(b) igh-ressre fce.(b) High-pressure face.

igure A-26, Cor Ocrylic window after constant hydrostatic Figure A-26. Conical acrylic window after constant hydrostatic
pre loading to 20,ooo pf, for 1,000 hours in pressure loading to 20,000 p3i for 1,000 hours in
65c -750F temperature range; 120.degree cone, 650F-to-75OF temperature range; l20-degree cone,

t/D 5, 1inc minr fae dametr./D -2.0, 1 -inch minor face diameter.
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(b) High-pressure face.

Figure A-27. Conical acrylic window after constant hydrostatic pressurz loading to 20,000 psi for 1,000 Figure
hours in 650F-to-750 F temperature range; 150-degree cone, tID = 1.0, 1-inch minor face
diameter.



(a) LOWjx~rmme UMct

(b) H igh-pressure face.

to 20,000 psi for 1,000 Figure A-28. Conical acrylic window after constant hydrostatic pressure loading to
lueA,1.0. 1-inch minor face 20,000 psi fcr 1,000 hours in 650F-to-75OF temperature range;

?ureA-150-degree cone, t/D = 0.875, 1-inch minor face diameter.
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(a) LOW-rw fa

(b) High-pressure face.

Figure A-29. Conical acrylic wiridow after constant hydrostatic pressure loading to 20,000 psi Figure A-30. Coni(
for 1,000 hours in 650.to.750F temperature range; 150-degree cone, 1,00(
t/D = 1.0, 1-inch minor face diameter. mn



(a) Low-pressure face.

(b) High-pressure face.

0,000 psi Figure A-30. Conical acrylic Window after corstant hydrostatic pressure loading to 20,000 psi for
Conical 1,000 hours in 650 F-to-75OF temperature range; 150-degree cone, t/D = 2.0, 1-inch

1,000 h minor face diameter.
minorf
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Coli-flow cratering of the high-pressure face was observed in all of
the 150-degree windows with t/D < 1.0 (Figures A-27 and A-28). It is only
with t/D >. 1.0 that the cold-flow cratering of the high-pressure face becomes
so small as to be barely noticeable (Figures A-29 and A-30).

Cold-flow plug extrusion hasbeen observed on all windows with
t/D < 2.0. The magnitude of the plug extrusion was found to be related
both to the duration of pressure application and a window's t/D ratio; long
pressure applications and small t/D ratios resulted in large magnitudes of
cold flow. The magnitude of cold-flow plug extrusion on windows with
t/D = 0.75 %as so large that considerable cracking of the low-pressure face
vas observed (Figure A-27). Windows with t/D = 0.875 did not exhibit any
cracking of the low-pressure face (Figure A-28). The low-pressure faces of
v,.ndows with 0.875 4 t/D 4 1.0 exhibited a raised edge around their cir-
cumference giving those faces the appearance of a slightly concave surface.
The height of the raised edges was in the 0.01-to-0.02-inch range, while
the diameter of the flat surface on the low-pressure face was in the 0.875-
to-0.75-inch range. Only windows with t/D = 2.0 did not exhibit any
distortion of the low-pressure face. The face of these windows was
essentially flat after 1,000 hours of 20,000-psi pressure.

Considerable surface cracking and fracturing of the window body
was observed on the conical seating surface of windows with t/D < 0.875.
The conical fracture, an extension of cracks on the conical seating surface,
penetrated the whole thickness of the window with tI/D 0.75 in less than
500 hours, reappearing on the high-pressure face (Figure A-27). In windows
with t/D = 0.875, the conical fracture does not penetrate the whole thickness
of the window even in 1,000 hours. Cracks on the conical seating surface
were generally concentrated in the first 5% to 1 0/ of the window's thickness
measured axially along the conical bearing surface from the minor diameter
of the window.

From the observation of cold-flow deformations and fractures in
150-degree conical windows, it appears that only windows with t/D > 1.5
will be optically satisfactory when subjected to 20,000 psi of sustained
hydrostatic loading for time periods equal to, or less than 1,000 hours in
a DOL 1 type flange.

4-Inch-Diameter Conical Windows

Because of limited pressure vessel time available at the Deep Ocean
Laboratory for windows requiring vessels with an internal diameter of 18
inches and pressure capability of 20,000 psi, only one thickness-to-diameter
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ratio (t1D = 1.0) was investigated for full-scale 4-inch-diameter windows with

30-, 60-, and 90-degree conical angles. Although the test results from full-

scale windows of 30-, 60-, or 90-degree conical angle and a single t/D ratio

cannot serve as an adequate statistical sample for comparison with test

results obtained for model windows having 30-, 60-, 90-, 120-, and 150-

degree angles in the 0.625 < t/D < 2.0 range, they serve as a useful scaling

validity indicator.

Displacements. In general the axial displacement, cold-flow cratering,

plug extrusion, and distribution of cracks in the low-pressure face and conical

bearing surface were found to be very similar to those found in model win-

dows of 1-inch diameter and t/D = 1.0. Good correlation for the relative

magnitude (with respect to window's low-pressure face diameter) of axial

displacement was found between 1- and 4-inch-diameter windows with

60- and 90-degree conical angle and lID = 1.0. The correlation of relative

axial displacement magnitudes was only fair for the 30-degree windows.

This is not surprising, as the response of t/D = 1.0 windows with this angle

to 20,000-psi long-term pressure loading has been found to vary greatly

from one model window test specimen to another. However, the relative

magnitude of displacements in the full-scale 30-degree conical angle window

fails within the range of displacements for model windows.

When one takes into consideration that the displacements of full-scale

4-inch-diameter windows with 30-, 60-, or 90-degree conical angle and

t/D 0 = 1.0 have been found to be approximately four times larger than those

of corresponding 1-inch-diameter model windows, it becomes apparent that
linear scaling of displacement data obtained in this study with model windows

is feasible and can serve as a valuable tool in predicting the behavior of
windows of any diameter. In each case, the comparison must be made
between windows of same t/D ratio and conical angle that have been

subjected to identical parameters of pressure, temperature, and loading
duration in the DOL 1 fla,.ge configuration.

Cold-Flow Effects. The relative magnitude of permanent plug

extrusion on the low-pressure face and the cold-flow cratering on the high-
pressure face has been found to be approximately the same for full-scale

windows as for 1-inch-diameter model windows of t/D = 1.0. Similarly,
the distribution of cracks on the conical bearing surface and on the low-
pressure face was about the same as for the model windows of t/D = 1.0.

The relative magnitude of crack depth was similpr to model windows

only for 30- and 60-degree full-scale windows (Figures A-31 and A-32). For

the 90-degree full-scale windows, the relative depth of crack penetration
into the body of the window was considerably greater (Figure A-33). Both
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in the depth of penetration, as well as in appearance and location, the single
major crack located in the bearing surface of the windcw had the characteris-
tics of the crack found in model windows with 0.875 < 1/D < 1.0. This may
indicate either that the material and/or machining of the 90-degree full-scale
windows were slightly different from that of the mode' windows of same
angle and t/D ratio, or that some unknown and unaccounted variable entered
during the testing of full-scale 90-degree windows.

In general the observed deformations, cracks, and axial displacements
of the full-scale windows possessed enough similarity and were of the proper
relative magnitude to establisn confidence in the applicability of data gener-
ated with model windows.

Low-Temperature Effects. All of the tests described thus far in this
appendix were conducted at room temperature (between 65°F and 750 F).
Operating in this temperature range made it unnecessary to utilize temperature-
control equipment, thus considerably increasing the reliability of long-term
tests. Also the results of tests conducted on temperature-sensitive acrylic
windows in 65°F-to-75°F temperature range have indicated"1, 2 . 3 that this
temperature range represents a more severe window-deformation environment
under short-term loading conditions than would be encountered in the con-
siderably colder ocean depths, thus making the experimental data obtained

at room temperature conservative for applications in the 320 F-to-40°F
temperature range.

Even though the experimental data were known to be conservative, in
order to define at least qualitatively the difference in magnitudes of window
deformation measured in the 650 F-to-75°F range and those expected in 320 F-
to-40°F range, five 4-inch-diameter, 90-degree windows with t/D = 1.0 were
subjected to 20,000-psi hydrostatic pressure for 1,000 hours in the 30°F-to-
35°F temperature range. The comparison of deformations in these windows
tested in the low-temperature range and those previously tested in the room
temperature range constitute the basis for the following discussion of
temperature effects on window deformation (Figure 13a).

The deformation of the 4-inch-diameter, 90-degree windows with
t/D = 1.0 after sustained pressure loading to 20,000 psi in 30°F-to-35°F
temperature range for 1,000 hours was found to be less than that of
comparable windows tested under identical conditions except for temperature,
which was in the 65°F-to-75°F range (Figure A-33). Both the length of plug
extrusion on the low-pressure face and the depth of cold-flow cratering on
thc- high-pressure face were noticeably less than in the windows tested at
room temperature. Comparison of measurements taken on the room-
temperature and low-temperature test windows has shown that the plug
extrusion of the low-temperature test windows was approximately 30% to
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40% less than in room-temperature test windows. Thii compares quite
favorably with the predicted difference of extrusion based on strains
measured in acrylic tensile test specimens under different temperatures.

Slightly fewer cracks in the conical bearing surface of windows were
observed in window specimens used in the low-temperature tests than in the
specimens tested at room temperature. In all probability-this is due to the
lesser magnitude of plug extrusion found in the low-temperature test win-
dows than in room-temperature test windows. Since the resistance to crack
propagation of acrylic plastic does not decrease significantly with tempera-
ture in the 650 F-to-300 F range, the low-temperature test conditions did not
impose a more severe test environment (one that would enhance the propa-
gation of cracks) than did the room-temperature test conditions.

It appears then that the room-temperature test condition to which
the windows in the main body of this program were subjected represents a
more severe test condition than will be ever encountered by such windows
in the 30°F-to-35°F temperature range commonly found at ocean depths
in excess of 10,000 feet. However, even though the data from this study
are known to be conservative, the reduction in severity of distortion in the
low-temperature range for acrylic windows other than those with 90-degree
included angles and t/D = 1.0 cannot be forecast in the absence of specific
data.

50

t



(a) Low-pressure face. (b) View into the window's interior through the high.pressure f,

Figure A-31. Conical acrylic window after constant hydrostatic pressure loading to 20,(
temperature range; 30-degree cone, t/D = 1.0, 4-inch minor face diameter.

(a) Low-pressure face. (b) View into the window's interior through the high-pressurE

Figure A-32. Conical acrylic window after constant hydrostatic pressure loading to 20
temperature range; 60-degree cone, t/D = 1.0, 4.inch minor face diamete



sure face. :r through the high.pressure face. (c) High.pressure face.

static pressure loading to 20,000 psi for 1,000 hours in 65°F-to-75°F
2 0 p, 4inch minor face diameter.

neter.

F7

171

or through the high.pressure face. (c) High.pressure face.
ssure face

static pressure loading to 20,000 psi for 1,000 hours in 65°F-to-75°F
to 20,000 , 4.inch minor face diameter.
,meter.
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(a) Low-pressure face. (b) View into the window's interior through the
high-pressure face.

Figure A-33. Conical acrylic window after constant hydrostatic pressure loading to 20,000
temperature range; 90-degree cone, t/D = 1.0, 4-inch minor face diameter.



(b) View into the window's interior through the (c) High-pressure face.
high-pressure face.

00p i fr ow after constant hydrostatic pressure loading to 20,000 psi for 1,000 hours in 650 F-to-750F
;90-degree cone, tID 1.0, 4-inch minor face diameter.
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Appendix B

DESIGN OF WINDOW AND FLANGE SYSTEMS FOR
LONG-TERM LOADING AT 20,000-PSI PRESSURE

INTRODUCTION

When the data generated in this study are to be applied to the desigrn
of windows for deep-submergence systems, several design and operational
parameters must be carefully evaluated. The most important operational
parameter that must be considered is the type of pressure loading to which
the pressure-resistant structures with windows will be subjected. For ease
of discussion, hydrostatic pressure loadings can be classified into four general
categories. These loading categories are (1) static short-term, (2) sustained
long-term, (3) cyclical, and (4) dynamic.

The short-term static pressure loading has been defined as a continuous
pressure rise at some arbitrarily set pressure rise rate until a predetermined
pressure is reached, upon which the pressure is released at the same rate. The
pressure rise rate selected for NCEL window studies" , 2,3 was 650 psi/min.

Long-term sustained pressure loading is defined here as raising the
pressure at some set rate to a predetermined pressure level and holding it
there for the whole duration of the mission. Depending on the duration of
the constant pressure application, the long-term pressure loading is further
defined by the number of hours, or days that it is maintained on the window.

Cyclical pressure loading is defined as varying the pressure between
arbitrary maximum and minimum pressure levels with the period of pressure
fluctuation being either constant or variable.

Dynamic pressure loading depends for its definition on the arbitrary
dividing line between short-term static and dynamic pressure rise rate, which
for windows used in submersibles probably can be placed at 5,000 psi/min.
The dynamic pressure application may be short-term if applied once or
cyclical if applied repeatedly.

WI NDOWS

Selection of t/D Ratios

The data that have been generated in this study are applicable directly
with some extrapolation only to design of truncated cone acrylic windows
under short-term or long-term loading at 20,000 psi, since the test specimens
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in this study underwent short-term pressurization at the rate of 650 psi/min
followed by long-term steady pressure loading at 20,000 psi. On the basis
of this datu; some guidelines can be suggested for the benefit of the engineer
designing acrylic hydrospace windows oftruncated cone shape for a one-
time, long-term.pressurization to 20,000 psi in the 320 F-to-75°F temperature
range.

DesignGuideline 1. The recommended t/D ratios tabulated below are for
mechanical applications in which-the acrylic truncated cone is utilized simply as a
self-energizing long-term timjng device whose time-dependent displacement under
external hydrostatic pressure is utilized to actuate mechanicaJ, hydraulic, or electric
devices that in turn cause the pressurized structure to perform some function. These
t/D ratios have been selected to provide maximum time-dependent axial displacement
without catastrophic failure in the indicated duration of loading.

Included Conical t/D Ratio for Sustained Loading Period of-
Flange Angle (deg)

1 Hour 100 Hours 1,000 Hours 100,000 Hours

30 1.25 1.25 1.25 1.25
60 0.75 0.875 0.875 1(See Design 90"

Guideline 4) 120"
150"

* Note recommended for time-dependent device actuator applications because of
,nsufficient axial displacement for high t/D ratios and considerable fracturing at
low t/D ratios.

The 30-degree included angle is considered to be the most desirable
as it causes the acrylic plug to have a very large axial displacement without
the considerable internal fracturing that is generally accompanied by jerkiness
in the rate of displacement. The magnitude of axial displacement for t/D
ratios chosen at 75°F and 20,000 psi ranges between 0.2 and 0.6 of the
diameter at the end of the recommended loading periods. After each pres-
surization, the acrylic plugs must be replaced with new ones.

When acrylic truncated cone plugs are used as time-dependent device
actuators for unmanned struciures placed in the deep ocean, the displace-
ment curves presented in this report for theDOL 1 flange should be modified
by a factor that takes into consideration the effect of low temperatures at
the place of submergence. Without such a factor, the actual displacements
of acrylic plugs under low ambient temperatures will be found to be signif-
icantly less than those shown in the report.
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duration are also ipplicable without any modification as desirab!e conservative
ratios for long-tet.-i pressure loading in the 15,00 p < 20,000-psi pressure
range anid the 320DF-to-750 F temperature range.

Deign Guideline 3. When the truncated cone acylic vindo--seve as hgztade
optical lense for visual observation of hydrospace outside a submersible's pressure hull or
the observation of simulated hydrospace inside a pressure vessel, only minute distortion
of viewing surfaces can be tolerated. Becau~se of these tclerance limitations, the acceptable
tID ratios are drastically different from those 8ppropriate for the time-dependent device
actuator and illumination transmitter described in guidelines 1 and 3.
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VR specified xhu rum dation ra cracks or crazingere present on
the high- and 1m-pressure facs, the cnical bering surface exhibited
only 2in°r crazing, o- crating less than 0.010-ich deep- Total axial dis-
placeient in the raste of 0.05 D to 01 D at ie end of te specified period
of loading presentsno operational difficulties for the observer. The window
is optically acceptable i's ;I- causes no distortion of viewied objects in hydro-
space for an doserver hsose eyes are within 10 inchet of the low-pressure
face.

The /o ratics acceptable for windows in optical applications under
log-term pressure loading of 20,000 psi in 320 F-to-75 0 F range are also
applicable without any mnodification as desirable conservative ratios for
long-term pressure loading in the 15,000 4 p 4 20,000-psi: range pressure
and 32c0 F-to-750DF temperature range.

It is understood, of course, that deign goideline 3 can be applied
to dimensioning of illumination transmission windodvs used in unmanned
capsule:; if the designer so desires, resulting in illumination transmission
winsdows with very little optical distortion.
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is s,-ecred to cyclic short-term or lng-term pressurizatiors. Caution is
a:Visd here becaise tbe relal'onshp berrween the effect of cyclic and long-
term leading conditionson the initiation of fract w inh nic 1 faOgSis

ot known. i-.o.!er, in viev of the fact that cyclic pressrization data for
rdosoperating in -Jre abyssal depth range is either nonexistent or very

scarce, designiers may also be tempted to use long-term pressure loading
data contained in this report for the design of wandows for cyclic pressure
service. Designs-s who do this are advised that the vindow proportions
recommended for 1,000-hour sustained loading at 20,000 psivwill probably
perform quite satisfactory at 15,000-psi cyclic loading so long as the maxi-
mum duration of the pressure cycle is less than 10 hours. If window
proportions are selected for cyclic service on this basis, extensive evaluation
of the prototype full-scale window under simulated operational conditions
is recommended.

Window Fabrication

Since the windows rely on intimate contact with the conicl flange
cavity surface for their high-pressure sealing as well as for their restrain,
against axial displacement, an accurate fit with that cavity is of great
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the case cusrom cast or b=d blocks, the end product m have the
sar 'e rdmial and pisical prcperties as a monolithic, w mncialy
al.-7a5e 4rc-nrk Pfexikias G plam It is particualy important that
the teTnie strength i the bonds in the banded acrylic b!Wok be equal to
,x approach thairof the parent material ( Table B-1).

Recrdkm or f he m nng st*c used, the windaw shou:d be
alneawe twice durig its fabricaicn: ornce after roigh macningwhen
it isrAthin approxizn-tL 0-125 inch of finished dimensions, and a seond
timre whs it has been mancined to its final dimensons and the surfaces
have been polisei. ViiIoit annealing, the conical bearing surfaces of the
windire;P craze and crack soone under operational service.

Tie linish f the conical bearing surface of the windo; should be
a 32-rms machined sarface follo ,,d by polishing. If the surface finish is
rougher, crazing and cracking of the conicl bearing surface could initiate

sooner under operational service.

Proof-Testing of Windows

When the experimental data contained in this report are used for the
design of windows, care must be taken not to damage the windorz-- with
excessive overpressure proof-testing. The basic ground rule for windows
selected on the basis of long-term tests described in this report is that conical
acrylic windows should never be subjected to pressures above 20,000 psi,
regardless whether this occurs during the operational life of the window or
during the proof-test that precedes it. Because of this if the operational
service of the windows is to be at 20,000 psi, the proof pressure preceding
the operational use of the windows must only be equal to operational pres-
sure. If for some reason the proof pressure must be in excess of operational
pressure, then accordingly the operational pressure rating must be reduced
below the 20,000-psi pressure level. Thus, for example, windows selected
for long-term loading condition in habitats or capsules with 15,000-psi
operational depth capability cannot be proof-tested to pressures higher
than 1.25 x operational pressure, as otherwise the proof pressure will
exceed 20,000 psi.
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Hea: d s eioa erxte AST1-eOZ56
-.ad'Ofrrrkia254 psi 23OF

aFh a: 65 psi 22(f F

Thertnal expansaoPF at 2CF 33 X 1~~x, Federa S:.-)!acd 406
Method 2031

z3"p~; 113 inch 73Z3T
W a 25 hours at 73PF 0.3% (mnaxirmm

Wb to saxurio I1S% (rmaxLmiurM

Plechanical Propertis

Te~..a~j~t. W!uWO9O0 AT438-4-
(02 wnrmla)

Tenie- elongation, rupt..re 296 (minimum)-6% (maximum) ASTM-D63a-64T

Modulus of elasticity. tension 4t25.000s ATM.63864T

Compressive strength, 16,000 psi ASTM-D695Wr3
(0.2 inimin)

Flexural strength, rupture 16.000 psi ASTMO790-63

Shear strength, rupture 9=00 psi ASTM-D732-46

Impct tregth 1 O~i0.4 ft-lb ASTM-D256-56
(per inch of notch)

Compressive deformation under load 0.%(axmm ASTM-D621-64
________________________________________________ psi_________________________________ at____________for__24___hours)_

The requirements are minimum values.
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* Since the prof-tes to 20.0Cci p~rir to pacem- t of tihev-indMv
in ac-ual sevc, constitutes a loadbg c, J?, it is important to make it as brief
as passib3e so that it does not s.ubstan-ta.l redrsce the rared fong-term life of

the windmv in seuent operation rder service conditins. Because of this
it is recemmmided that if the windmv ill opepate in service at 15,000 psi the
applictin of 20,000-pssi prof pressure should be limited to 1 hocur.

Ideally, proof-testing of each windm, slated for long-term seevice

cperatien at 20,000 psi should not take place at all, as it has a negative
influence on the long-term life of the window. Instead of proof-testing each
vfow, it is more adtantageous to resy on quality control in the procure
mot of acrylic stock, and mzchining, annealing, and bonding of the window.
When this quality control in fabrication is augmented by the testing under
simulated service conditions of a window selected at random from the same
group of vindow,,s cn the production line, very reliable windovs for long-
term loading can be obhained. In this manner even though one window is
scifficed to nondestructive and possibly to destructive proof-testing, the
rernaining windows from the same production batch retain all of their
potential pressure-resisting capability for actual service operation.

FLANGES

Configurations

Although all the bulk of experimental data of this study has been
generated in the DOL 1 flange and window configuration (Figure B-1), a
minor modification of this configuration is recommended for full-size
hydrospace windows to give the user an added margin of safety for windows
whose proportions have been selected on the basis of this study.

The recommended modification to the DOL 1 flange and window
configuration consists of locating the window's low-pressure face further
away from the cylindrical passage in the flange to provide not only radial
but axial restraints for the extruding portion of the window. Such a flange
and window configuration, designated as DOL 5 flange (Figure B-2), should
permit the windows to extrude somewhat less than the windows described
in this study and thus give the designer extra margin of safety and optical

performance.
A group of windows with t/D = 1.5 and conical angle of 60 degrees

has been tested in the DOL 5 flange to determine whether the predicted
decrease in axial displacement actually takes place. Comparison of axial
displacements measured on windows in the DOL 5 flange with displacements
of windows in the DOL 1 flange showed that the windows tested in the DOL 5
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flange displace I rss than Similfar windrx tested in the DO011 1 flange. The
diff erence in magniude of, dispome-n: vzas on the order of 1 MS. What the

diffierence may be for othier ff1) ratios and angles is unknow.n. I t is certain

haviever, from basic consideratiorm of !he structural paranmeters controlling
the window. disolaL-emnt that the displacement of %'Andovis in the ML)0
flange %ill nDev;u benmoe than in the 1)01 1 flange. Furthersmore, these
exploratory tests have shown that %-hen pressure is relieved the extruded
plugs of conical windows tend to become -wedged in the cylindrical passage
of the DO0L 1 flange causing some portions of the wYindo-w -to be placed
under -tensile loading. Such wedging dme no' take place in the 1)015
flange, precluding the possibility of having the window under tensile
loading when the hydrostatic pressure is zero. On the basis of these
findings it is felt that the recommendation to utilize DO L 5 flanges instead
of 1)0 1 flanges has been experimentally validated and that the use of
DO L 5 flanges constitutes an added margin of safety for use of conical
acrylic windovs under long-term loading. Determination of the magnitude
of this margin of saffety will be the subject of a future study.

D = minor window diameter.
of= minor diameter of the flange cavity

Note: D

1. D =f for all tID ratios and conical angles (Mk
2. 2 > 2 x dislacement of window during the sustained

pressure loading for specified period of time

Figure B-1. Characteristics of DOL 1 flange and Window assembly used in
the current study.
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D0L 5 Assembly
Note:

1. a* - To be chosen by designer on basis of stres field evaluation in the flange
2. V - To be chosen by designer on basis of optical viewing requirements
3. R>b for all t/D ratios and conical angles (cr)
4. b >displacement of window during the sustained pressure loading for

specified period of time
5. D > Df forall t/D ratiosandconicaiangleso

Figure B-2. Characteristics of DOL 5 flange and window assembly (the
assembly recommended for long-term 2 0,000.psi pressure).

In order to minimize the displacement of the window under sustainedoperational pressure, as well as to provide a necessary margin of safety foroverpressures to which the windows may be accidentally or intentionally
(as in proof-testing) exposed, the engineer must design Zhe window flbngeopening with required radial and axial support for the window. The dimen-sions of DOL 5 window flanges have been calculated and are presented inguidelines 5 and 6. These calculations are based on two assumptions. Thefirst is that the distance b between the window's low-pressure face in the
conical flange cavity and the bottom of the conical cavity must be approx-imately the same as the displacement of the window with recommended
t/D ratio during the specified duration of sustained loading at 20,000 psi.The second is that either an overpressure or extension of rated loadingduration may be encountered by the structure during its life and therefore
an additional allowance, £, equal at least to b should be made for window
displacement in the cylindrical flange cavity.

62



The first assumption must be taken into account. The second one
should be considered, but in many cases no pressures-higher than operational
will be encountered, and thus no provisions have to be made for displace-
ments caused by overpressure or for duration of loading past the originally
specified time span.

When the acrylic truncated conical plug is used as a time-dependent
device actuator, the DOL 1 flange is preferred because in this application a
decrease in axial displacement is not desirable. In actuator applications no
alloance is made for overpressures or loading duration past specified time
span.

Design Guideline 4. For applications in which the acrylic truncated cone is
simply a mechanical self-energizing long-term time-dependent device actuator for
sustained service at 20,000 psi and 32°F-to-75°F temperature range, the following
flange cavity proportions, which tend to favor large displacements are recommended:*I Flange Included Angle D/Df Cylindrical

Window (deg) Ratio Passage Length, 2

(See Design DOL 1 30 1.0 0.75 D
Guideline 1) 60 1.0 0.5 D

Design Guideline 5. For applications in which the acrylic window is to serve
only as an illumination transmitter for unmanned capsules under 20,000-psi sustained
service in 350-to-75°F temperature range and not as a high-grade optical lens, the
following flange cavity proportions are recommended."

Window Flange Included Angle D/Df Cylindrical
(deg) Ratio Passage Length, 2

30 1.19 ;;0.3 D
(See Design DOL 5 60 1.41 >0.25 D

Guideline 2) 50 1.43 >0.25 D
90 1.43 >0.15 D

Design Guideline 6. For applications in which the truncated cone acrylic
windows serve as high-grade optical lenses for manned capsules under sustained pressure
loading of 20.000 psi in 32°F-to-75°F temperature range the following flange cavity
proportions are recommended."

'No allowances for overpressures above 20,000 psi have been made.

*Allowance has been made for minor overpressure and/or extension of loading duration
past the rated time span of the window.
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Included Angle D/Df Cylindrical
Window Flange (deg) Ratio Passage Length, 9

30 1.05 >0.1 D

(See Design 60 1.14 0.1 D

Guideline 3) DOL 5 90 1.25 >0. D
120 1.54 >0.1 D
150 4.0 >0.1 D

Finishes and Tolerances

The experimental data relating flange-seat surface roughness to crack
initiation in the bearing surface of conical acrylic windows under long-term
loading is inconclusive. Therefore, no definite recommendation based on
scientific facts can be made for a particular surface finish at this time. It
can be only stated that so long as the surface finish is in the range of 32 to
125 rms, the acrylic conical windows will perform satisfactory. The surface
finish of the flanges used in this study was 63 rms; it performed quite
acceptably and can be considered a happy compromise between the more
expensive 32-rms finish and the rough 125-rms finish.

Although exploratory experimental data indicate that an angle
mismatch between the acrylic plug and the conical flange seat of 1 to 2 degrees
magnitude does not noticeably affect the critical pressure of the window, the
mismatch should be kept to a minimum to eliminate high-pressure sealing
problems. To minimize leaking, deviation of the conical flange cavity from
the specified angle should be in the ±5-to-± 15 minute range, easily attained
with ordinary machine shop practice.

The effect of variation in the minor diameter of the conical cavity
on the displacement and critical pressure of the conical acrylic windows
varies with the type of window-flange system used. The eftect of variaticn
is most pronounced for the DOL 2 window/flange system and least-pro-
nounced for the DOL 5 system. Since DOL 5 system (Figure B-i) is the
one recommended for windows under long-term hydrostatic loading, the
diametral tolerance for minor diameter of conical flange cavity may be in
the range ±0.001 to ±0.005 inch. These tolerances are readily achieved
with ordinary machining processes.
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SEALS

Requirements

One of the major problems encountered in the design of window
systems for long-term loading is the design of seals. The difficulty in the
design of seals for such a system stems from the fact that there are three
separate operational requirements that the seals must satisfy:

1. The window system must be watertight at low pressures while the
capsule, or habitat, is being towed to its location.

2. The window system must be watertight at the maximum operational
pressure during the projected duration of the mission on the ocean bottom.

3. The window system must be watertight upon return of the capsule, or

habitat, to the ocean surface, and during the subsequent towing to dock.

It is relatively easy to satisfy the first two requirements. Any
ordinary gasket will seal the high-pressure face of the wndow against the
window-retaining ring at low hydrostatic pressure, while the greased surface
of the window acts as a seal itself under high external hydrostatic pressure.
It is much more difficult to satisfy the third requirement because the win-

dow has experienced permanent yielding during its long-term service under
operational pressure in 15,000-to-20,000-psi range. Upon return of the
capsule to the ocean surface there is a tendency for the windows to leak;
because permanent axial displacement of the window has taken place, the
gasket between the window-retaining ring and the window is no longer
compressed. There are many design approaches that will mitigate or
completely eliminate the problem of window leakage upon return of the
capsule or habitat to the ocean surface after its long-term submergence.
Seals of several designs have been buili and their performance noted.

Seal Designs

The five different types of seals (Figure B-3) investigated for sealing
windows under long-term loading were designed primarily to satisfy require-
ment 3, but in the process of satisfying that requirement, in every case they
also satisfied sealing requirements 1 and 2. The simplest seal investigated

was the standard gasket compression seal of 60-durometer hardness held
against the window's high-pressure face by a retaining ring. Its thickness
was selected to permit the necessary precompression during installation
without causing permanent set to the gasket. The precompression was
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selected to accommodate the largest predicted displacement of the window

in the flange and yet maintain sufficient contact pressure with the window
and the retaining ring to permit the gasket to function as a seal when the
capsule or habitat is brought back to the ocean surface.

A little-more complex was the seal utilizing an O-ring in radial
compression. For this design, as well as the elastomeric channel-seal design
discussed later, both the window and the flange cavity had to be enlarged
to accommodate the seal without reducing the window's critical dimensions.
Because the O-ring was designed to be under radial compression, the yieiding
of the window material under long-term hydrostatic pressure in the 15,000-
to-20,000-psi operational range would tend to make the seal more pressure
resistant; the clearance between the edge of the window and the flange
cavity surface would decrease with time. In addition, the axial movement
of the window in the flange did not present any problems in this O-ring seal
arrangement, as the radially compressed O-ring slides with the window along
the cylindrical surface of the cavity in the flange without any loss of com-
pression. In this design the window is held in the flange cavity by means
of a single flat annular spring compressed against the high-pressure face of
the window by a retaining ring.

The channel-type seal operates on basically the same principle as
the radial O-ring seal. However, the seal, which slides along the cylindrical
cavity surface (Figure B-3) with axial displacement of the window, is an
elastomeric channel pressed against the window and the cavity surface by
two split rings. The window is held in the flange cavity by means of several
helical springs held in compression by a retaining ring.

The wiper-type seal in the form of an elastomeric wedge with
triangular cross section was designed to operate on the same surface-wiping
principle as the two preceding seals except that during axial displacement
of the window in the flange cavity the seal wipes a conical surface, not a
cylindrical one as is the case in the two previous seals. Because of this, the
flange cavity and window may be the same size and shape as for the standard
gasket design. The window-retaining ring acting upon the seal wiper ridge
also serves the secondary function of preventing the window from moving
excessively outward upon surfaciny.

The axial O-ring seal was designed like the wiper seal to maintain
constant contact with the conical flange surface under large axial displace-
ments of the window. The window is held in positive contact with the
cavity surface by the flat annular spring compressed by the retaining ring
against the window's high-pressure face.
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Gasket Seal

IRadial 0-Ring Seal

Channel Seal

Wiper Seal

Axial 0-Ring Seal

Figure B-3. Seals applicable to windows under long-term pressure loading.
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Seal Evaluation

Tests performed on windows of nominal t/D = 2.-0, go0degree conical

angle, and 1-inch diameter under 20,000 psi for 1;000 hours have shown that

all of these seals performed their sealing function satisfactorily. However,

sorhe appear to be more desirable than -others for hydrospace windows under

long-term loading on the basis of economic, structural, or'space considerations.

From the aspect of space required to contain the window and its seal

system, the compressed gasket, the elastomeric wiper ring of triangular cross

section, and the axially compressed O-ring called for the least space. They

required a conical flange cavity whose depth was only somewhat greater

than the window's thickness. Thus it would appear that in hydrospace

window applications where the depth of the conical flange cavity in the

pressure hull must be kept to a minimum because of limited hull thickness

such seal designs are attractive.
One shortcoming of these two designs is that for low-pressure sealing

capability at the termination of the long-term pressure loading they both
rely on the elastomeric properties of the gaskets that initially were axially

compressed at least 0.1 D. If, due to the action of seawater, hydrostatic

pressure, low temperature, and high initial conmpression, a permanent set

of the elastomer occurs, it will lose its ability to force the window into

contact with the flange cavity surface and thus prevent sealing at low
pressures.

From the aspect of sealing ability after long-term pressure loading
during which the elastomefs in the seals acquire a considerable permanent
set, the seal designs incorporating an elastomeric O-ring or the channel seal
are the most desirable. The latter seals maintain contact with the flange
cavity surface even with permanent set in the elastomeric seal as a result
of the force exerted on the window by precompressed metallic springs.

Between these two types of seals, the ones incorporating the elastomeric
O-ring are more desirable because they utilize only off-the-shelf commercial
elastomeric rings that are available in many formulations.

A major shortcoming of these sealing systems is the stress raiser
effect introduced into the window bearing surface by the presence of
grooves machined for the placement of seals. This stress raiser effect is
most sever- : the groove cut for the axial O-ring seal, particularly in

windows with a 3'W*degree included angle.
In terms u. window displacement, the radial O-ring seal is the most

desirable one as the window is approximately 25% thicker than designs
incorporating plain gasket, wiper type seal, or axial O-ring seals; at the

same time the radial O-ring design does not have the serious stress raiser
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effect of the channel seal groove. Because of the added window thickness
that the radial O-ring seal-requires and the low stress raiser effect, it is
considered to be the most conservative window seal system.

Seal Selection

In view of the considerations discussed in the section on seal design
evaluation, it can be postulated that for long-term loading at a hydrostatic
pressure of 20,000 psi only two seal designs are attractive. Where the win-
dow cavity in the flange is to have the least axial length possible and where
the economics of window-seal system fabrication are important the simple
gasket seal design is preferable.

Design Guideline 7. For the simple gasket seal, the design guidelines for
selectsig the magnitude of elastic gasket precompression under the window retainer
ring depend on the design guidelines used in the selection of window t/D ratios.

Corresponding Gasket Compressioris
Selection of Corresponding Conical Under Retainer Ring(s) for Included Angles-
Window t/D Cavity Dimensions i - I 1 .'I 30T 60 - §60 112

Guideline 2 Guideline 5 0.3 D 0.25 D 0.15 D - -

-Guideline 3 Guideline 6 0.1 D1 0.1 D 0.1 D 10.1 D 0.1D

If the gaskets are compressed (Figure B-4) as recommended, and no
permanent set of the elastomeric gasket occurs, the seal should perform
adequately prior to the long-term pressure loading, during the sustained
long-term loading of 20,000 psi, and in low-pressure service encountered
by the window when the ocean bottom habitat or capsule returns to the
ocean's surface.

Prior to compression After Compression

,,~ y- x =compremnion ",

Figure B-4. Parameters for selection of gasket seal compression according to
Design Guideline 7.
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In applications-in which (1).a deeper flange cavity can be tolerated,
(2) off-the-shelf commercial-0-rings are available'for that particular window
diameter, (3) some pressure cycling will be present,.and (4) a more conserva-
tive window design is preferred, the radial O-ring seal is recommended.

Design Guideline S. For the rad O-ring se, the design guidelines for
selecting the magnitude of the cylindrical lip on the-window and the corresponding
cylindrical recess in the flange depend on the design guidelines used in the selection
of window t/D ratios.

Corresponding Dimensions of Lower Cylindrical
-Selection of Corresponding Conical Windows Lip (k) for Included Angles-
Window t/D Cavity Dimensions

300 (30°  90 °  120 °  150 °

Guideline 2 Guideline 5 0.4 D" 0.3 D 0.2 D - -Guideline 3 Guideline 6 0.2 D 0.2 D' 0.2D 02D 0.2D

The foregoing description of dimensions (Figure 6-5) r,,.ommended
for the lower cylindrical window lip does not describe the overall thickness
-of-thelip, but'just its Iower orti6h below the O-rifg 6ve. in order to
specify the window, however, one must also know the overall thickness of
the lip. To arrive at that dimension K, one must add to kthe width of the
O-ring groove w and the upper cylindrical window lip n. Both of these
dimensions do not depend on the magnitude of the external pressure to
which the window will be subjected but on the size of the O-ring, which
in many cases is chosen solely on the basis of the window diameter.

Figure B-6. Parameters for selection of window lip dimensions Wt'.ording to
Design Guideline 8.
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In general, the-width of the groove should be >0.15 inch for 1/8-inch
O-rings associated with small windows and>0.3 inchfor 1/4-inch 0-rings
used in large windows. The upper cylindrical window lip shoud be at least
0.,al in thickness to the groove width, or may beeven thickertb prevent
its chipping during handling of windowseat installation. The resulting win-
dow, because of'its added thickness is quite conservative'and therefore .4
particularly recommended ifthe long-term pressure service will be at
20,000 psi.

SUMMARY

To tie the many designguidelines together that are spelled out in
Appendix B, two typical windows will be designed and dimensioned.

Case A

Requirements

Pressure: 20,000 psi

Type of loading: Sustained, 1,000 hours

Type of service: Opticalobservation of hydrospace

Cone angle: 90 degrees

Type of seal: Radial O-ring

Minor diameter: 1 inch

Dimensioning

Optical service requires that Design Guideline 3 be used for window
t/D selection (in this case t/D = 2.0), Design Guideline 6 for flange cavity
D/Df selection (in this case D/Df = 1.25 and 2 = 0.1 D), and Design Guide-
line 8 for radial 0-ring seal and window lip thickness selection (k = 0.2 D,
w= 0.19, n = 0.19). 3 The configuration of the window and flange is shown
in Figures B-6, B-7, and B-8.
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Figure B-8. Flange and woindow amembly. (The dirnensaons of this DOL 5
azenibly are soi-si in Figure B,6 and the window configuration
in Figure 8-7.)

Case B

Requirements

Pressure: 20,000 psi

Type of loading: Sustained, 1,000 hours

Type of service: Optical observation of hydrospace

Cone angle: 90 degrees

Type of seal: Garket seal

Minor diameter- 1 inch
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4!

Figure B-8; -l1ange and window assembly. (The dimensions of this DOL 5
assembly are shown in Figure B-6 and the window configuration
in Figure B-7.)

Case B

Requirements

Pressure: 20,000 psi

Type of loading: Sustained, 1,000 hours

Type of service: Optical observation of hydrospace

Cone angle: 90 degrees

Type of seal: Gasket seal

Minor diameter: 1 inch
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Dimei~roning.

Optical observationservice requires thatDesignGuideline 3 be used
for window t/D selection,(inthis case t/D-= 2.0), Design Guideline.6 for

flange cavity, D/Df selection (in this case D/Df = 1.25, R = 0.1 D), and Design
Guideline 7for gasket seal precompression'specification (in this case 0.1 D).
The configuration.of the window is shown in Figure B-9.

.lpmodm~ 0.1 In.

'2.01 in.

in.2.002in.

0.799 in.

Figure B-9. Typical design of gasket seal on a 90-degree window for 1,000
hours of service at sustained 20,000-psi pressure in 320F-to-
75°F temperature range.

Since all of the design guidelines discussed in Appendix B had as their
objective a window that performs reliably and safely in 15,000-to-20,000-psi
p essure range and 320F-to-75°F temperature range, an approach to
dimensioning was used that always assumed the windows would be used
at the most severe loading condition. Thus it can be expected that when
a radial-O-ring-sealed optical service window is operated at 15,000 psi and
34°F temperature for less than the whole span of its rated life, the displace-
ments of the window will be much less than provided for by the design
guidelines. On the other hand if a gasket-sealed optical service window is
operated at 20,000 psi and 750F temperature for the whole span of its
sustained loading rating, the displacements will probably be equal to those
foreseen by the design guidelines, but still will be on the safe side. Because
of these built-in safety margins, there is no need for the designer to
incorporate additional safety factors so long as the windows will not
operate outside their rated performance parameter ranges.

74

-I I



Appendix C

DISPLACEMENTS OF CONICAL ACRYLIC WINDOWS UNDER
SUSTAINED HYDROSTATIC LOADING AT 20,000 PSI

Each of the conical acrylic windows subjected to sustained 20,000-
psi hydrostatic.loading experienced axial- displacementthrough the flange
opening. There were three distinct phases in the axial displacement of each
window. The first phase took place when the pressure was raised at a 650-
psi/min rate from 0-to 20,000 psi. The-second phase was relatively rapid
axial dispKr-:ment.6f the window through-the flange immediately after
the 20,000-psi sustained pressure loading was reached. The second phase
lasted for approximately 12 to 24 hours. The third phase of axial displace-
ment was the relatively slow axial displacement of the window during the
remaining duration of sustained pressure loading at 20,000 psi. To
emphasize and delineate the three distinct phases of axial displacement,
two different scales were used for plotting the displacements. Log-log
scales with 0.001-inch displacement and 1-minute time units were selected
to show the rapid rate of displacement of the windows during phases 1 and
2. Linear scales with 0.01-inch displacement and 1-day time units were
chosen to show the slow rate of displacement during phase 3. To permit
rapid visual comparison of the two different displacement phases, they are
grouped together in Figures C-1 through C-6 for each different window
configuration.

When one observes the graphs depicting phases 1, 2, and 3 one
immediately notes that the relationship between time and magnitude of
axial displacement is not shown graphically by a narrow line but by-d wide
band whose width and shape varies from one figure to another. There are
several reasons for this.

1. Each curve represents the range of displacements shown by a group of
five window specimens which were not of identical dimensions, but varied
by the magnitude of dimensional machining tolerances.

2. All of the five windows comprising a single t/D ratio group for a given
angle were not tested in the same flange, but in several flanges that differed
from each other by the magnitude of dimensional machining tolerances.

3. All five windows in a group were not tested at an identical temperature.
The average temperature varied several degrees from one long-term test to
another.
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4. All of the five windows were not machined from the same piece of,material, or for that matteratthe same material removal rate.

There areseveralgeneral Observations that can be made about the
scatter of recorded displacement data. First, that the width of theplotted
displacement range appears to'be in a large measure a function of absolute
displacement magnitude; i.e..small variations in material and dimensional
parameters of windows result in large displacements. Second, displacements
of windows that are accompanied by extensive cracking and fracturingof
the acrylic material (t/D = 0.75 for 60;,90, 120, and 150 degrees) vary more
from one specimen in the same group to another than the displacements of
windows not accompanied by extensive cracking. This phenomenon in all
probability is caused by the randomness of crack initiation and propagation,
as compared to the noniandomness of-typical stress-strain behavior of
material before cracking.

Since in some of the t/D ratio groups all of the windows failed prior
to the termination of the 1,000-hour tests, no graphs exist depicting phase 3
of window displacement. In other groups of windows only some of the
windows failed prior to 1,000 hours at sustained 20,000-psi pressure loading.
For those groups of windows only the lower boundary of the phase 3 dis-
placement range has been shown since the upper boundary is undefined.
(See, for example, 30-dbgree windows with t/D = 1.0.)

When the data contained in Figures C-1 through C-6 is used for
design of operational windows, the upper boundary of displacement ranges
should be utilized. It represents a conservative approach to sizing of window
flange cavities for containment of windows during their displacement under
sustained hydrostatic pressure of 15,000 to 20,000 psi. For design of win-
dows that will be used at a sustained pressure of less than 15,000 psi, the
lower boundary of the displacement range should be utilized as otherwise
the design of flange cavity becomes too conservative.
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ABSTRACT

Conical acrylic windows of 30-, 60-, 90-, and 120- and 150-degree
included angle and 0.500 to 1.250 t/D (thickness to minor diameter ratio)
have been subjected in their mounting flanges to 10,000 psi of hydrostatic
pressure for 500 and 1,000 hours at ambient room temperature. The displace-
ment of the windows through the flange mounting has been recorded as a
function of time and plotted for the ready reference of the designer. The
magnitude of the window displacement has been found to be a function of
time, angle, temperature, t/D ratio and pressure.

It is recommended that for safe single sustained operation of 1,000
hour duration at 10,000 psi hydrostatic loading at ambient temperature the
windows should have an included conical angle >90° and a minimum t/D
ratio of 0.750, For sustained loadings in excess of 1,000 hours the minimum
t/D ratio is 1.000.
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INTRODUCTION

Previous studies1"3 conducted at NCEL with the objective of comparing
the structural.efficiency of different window shapes have shown that although
the spherical acrylic plastic shell windows are the most efficient, conical win-
dows approach them in efficiency, particularly if the included conical angle is
large. Since widespread use of conical viewports in submersibles and hyperbaric
chambers has made them something of a standard, this particular shape was
chosen for further studies.

Because ocean floor installations are primarily subjected only to
sustained long-term submersion, the investigation of windows focused on
long-term sustained loading so that the data generated in this program could
be directly applied to the design of habitat windows. The first study 4 in the
conical window long-term testing program investigated the behavior of win-
dows at 20,000 psi. The magnitude of window displacement through the
mounting flange was found to be a function of conical angle, thickness to
minor diameter ratio, and temperature, as well as time. No eftort was made
to determine the relatio'ship between pressure and window displacement
under long-term loading, although it was known that the displacement of
windows would be less if they were subjected to a lower pressure for the
same period of time.

In the previous studies no effort was made to investigate the ability
of acrylic material to return in time to its original form as the pressure is
decreased to 1 atmosphere, although this property is known to exist.

Since the operational depth of permanent ocean bottom installations
equipped with acrylic windows varies from one habitat to another, the win-
dows are subjected to different levels of hydrostatic pressure for extended
periods of time. Therefore, it is important to develop criteria that will
permit the design of acrylic windows for any operational depth. This will
allow the designer more flexibility when considering variables such as field
of view, amount of space available for mounting windows and expense,
while still maintaining a high degree of safety. A similar case presents itself
in the design of windows for internal pressure vessels in which long-term
hydrostatic tests are performed (Figure 1). It is to generate such design data
that the present study has been sponsored by the Naval Facilities Engineering
Command.
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Figure 1. Window installed in end closure of 18-inch (inside diameter)
pressure vessel for observation of test specimens.

The objective of the study was to determine experimentally the
relationship between the axial displacement of conical windows, their conical
angle, thickness-to-minor-diameter ratio (t/D), and duration of sustained
loading at 10,000 psi hydrostatic pressure. This relationship was to be deter-
mined by (1) pressurizing a series of conical acrylic windows with 30-, 60-,
90-, 120-, and 150-degree angles and 0.500 to 1.250 t/D ratios at a constant
rate to 10,000 psi, (2) maintaining that pressure for up to 1,000 hours, and
(3) recording the di placements of the windows. It was clearly understood
that some of these would be ejected in less than 1,000 hours, while others
would still be serviceable after this time.

Also the relationship between the displacement during pressurization
and the retraction during depressurization were to be investigated by dropping
the pressure at the same constant rate used during pressurizat;on. By exam-
ining the window's ability to approach its original shape as the pressure is
relieved after long-term loading at 10,000 psi, a fair indication would be

obtained on the window's relaxation capability.

2



TEST SPECIMENS

The test specimens (Figures 2 and 3) were machined from commercial
Plexiglas G acrylic p!atn (Table1). The bulk of the window test specimens

i were made to fit the same window mounting flanges used-in the previous
study for windows under long-4erm loading of 20,000 psi.

,n ]IM1

Figure 2. Typical conical acrylic windows of 1-inch minor diameter used in
the experimental program.

3:
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Table 1. Properties of Acrylic Window Material

Physical Properties

Property Typical Test Method

Hardness, Rockwell M 90 ASTM-D785-62

Hardness, Barcol 90 ASTM-D2583

1.19 ± 0.01
Specific gravity (2 tests within 0,005) ASTM-D792-64T

Refractive index; 1/8 inch 1.50 ± 0.01 ASTM-D542-50

Luminous transmittance; 1/8 inun 91% ASTM-D1003-61

Haze, 1/8 inch 2.3 ASTM-D1003-61

Heat distortion temperature ASTM-D648-56
+3.6 0F/min at 264 psi 200°F

3.6 0F/min at 66 psi 220°F

Thermal expansion/°F at 20°F 35 x 10-6 Federal Standard 406
Method 2031

Water absorption; 1/8 inch ASTM-D570-63T
(a) 25 hours at 73°F 0.3%
(b) to saturation 1.9%

Mechanical Properties

Tensile strength, rupture 1
(0.2 in./min) 9,000 psi (mi) ASTM-D638-64T

Tensile elongation, rupture 2% (min) - 7% (max) ASTM-D638-64T

Modulus of elasticity, tension 400,000 psi (min) ASTM-D638-64T

Compressive strength, 150 psi (mi) ASTM-D695-63T
(0.2 in./min)

Flexural strength, rupture 14,000 psi (min) ASTM-D790-63

Shear strength, rupture 8,000 psi (min) ASTM-D732-46

Impact strength, 1 zod 0.4 ft-lb (min) ASTM-D256-56
(per inch of notch)

Compressive deformation under load 2% (max) ASTM-D621.64
(4,000 psi at 122 0 F for 24 hours)
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Material: Plexiglas G- 8

Nomenclature63

D - minor diameter (in.) 

t - thickness (in.)
o- included conical angle (deg) 8JK<--

Dimensions

1. For 1-in.diam windows:

D - 1.0 in.; tolerance - ± 0.005
t = nominal 1/2, 5/8, 3/4, 7/8, 1, 1-1/4 in.

(manufacturer's plate thickness tolerances apply)
Ce = 30, 69, 90, 120, or 150 degrees; toltrance = ±15'

2. For 4-in.-diam windows:

D = 4.0 in.; tolerance ± 0.010
t = nominal 4 in. (manufacturer's plate thickness

tolerances apply)
cc = 90 degrees; tolerance = ±15'

Figure 3. Dimensions of typical conical window specimens.

The diameter of the window was selected to be 1 inch with a plus or
minus 0.005-inch tolerance (Table 2). The conical angle of the windows was
held to a plus or minus 15-minute tolerance. The actual thickness of the win-
dows differed considerably (up to 10%) from their nominal thickness, which
was the same as, that of the commercially supplied acrylic plates with standard
manufacturing thickness tolerance. The conical bearing surfaces were machined
to a 63-rms finish, which subsequently when polished and covered with silicone
grease, served as a sealing surface in contact with the flange.

In addition to the 1-inch diameter windows of 30-, 60-, 90-, 120-, and
150-degree included angle with 0.625 to 1.250 t/D ratios, a series of 4-inch
diameter 90-degree included angle windows were fabricated. The reason for
making larger scale windows and subjecting them to test conditions identical
to those of the smaller windows was to compare the displacement of the large
windows to that of the smaller windows so that the scaling factor for window
displacements established in previous studies1-4 could be reconfirmed.

TEST SETUP

Window Flanges

The test specimens with 1-inch minor diameter were mounted in
flanges designed to fit into the Mk I and Mk II modified 16-inch naval gun
shell end-closures (Figures 4 and 5). The flanges for the 4-inch-diameter,

5



90-degree windowswere designed to fit the end-closure of the Deep Ocean

Laboratory's 18-inch-diameter, high-pressure vessel (Figures 6 and 7). The

mild steel flanges were of sufficient thickness to insure that very little defor-

mation of the flanges occurred during application of hydrostatic pressure to

the window's high-pressure face. For all practical purposes the window flanges

were rigid, and only the acrylic windows were deformed during pressurization.

To standardize the window displacement tests, all windows and flanges

were designed to have the minor diameter of the window always equal to the

minor diameter of the conical window cavity in the flange. Because of this,

the low-pressure face of every window tested was set flush with the bottom

of the conical cavity in the flange (Figure 8). The special feature of these

conical window flanges designated as DOL No. 1 mounting configuration was

the termination of the conical cavity in a long cylindrical passage thatwould

restrain the extruding portion of the window radially. The length of cylindri-

cal passage varied from flange to flange, depending on the window's angle and

t/D ratio, however, it was designed to be long enough so that the extruded

acrylic plug would be radially supported along its whole length. (For discus-

sion of other DOL flange mounting configurations see Reference 4 and

Appendix A.)

Pressure Vessels

The DOL No. 1 window flanges, as mentioned previously, were

designed either to fit the end-closure of Mk I and Mk II conversions of

16-inch naval gun shells, or the 18-inch diameter DOL pressure vessel. The

flanges were attached to the end-closures in such a manner that the low-
pressure face of the window was exposed to atmospheric pressure, while
the high pressure face was acted upon by the pressurized water inside the
vessel. By such an arrangement the pressure differential was simulated that

exists on a window in a submerged structure, or on a window in an internal
pressure vessel. The Mk I, Mk II, and 18-inch chamber pressure vessels con-

tained a sufficient volume of compressed water at 10,000 psi that the small
day to day extrusions of the windows through the flange opening would not

decrease the pressure inside the vessel by more than 50 psi. Also, the com-
pressed water in the pressure vessel and the stressed walls of the vessel

contained sufficient amount of potential energy to carry through the

ejection of windows when the critical moment arrived. This feature of the

pressure vessels was of great importance, as it permitted the locking in of
10,000 psi pressure inside the vessel for unattended operatio.l.

6
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1.001 in. _M

Noirenlature 2.7 n

M external flange diameter (in.) 2.000 in.

ai included conical Wngi (dug)3

Dinensions .

a - 30,60,90,120 and 150 degrees; tolerance = 5'.

M = 8± 1/64 in. for 30-, 6W90-, and 120degree windows

17 t 1/64 in. for 150-degree windows

Material: 1015 steel

Figure 4. Dimensions of typical window mounting flanges for 1-inch-diameter

conical windows.

120 150 o

Figure 5. Typical flanges for 1-inch-diameter conical window.

Instrumentation

The instrumentation for the long-term pressure testing of acrylic

windows consisted of a pressure gage, a displacement indicator, and a

thermometer (Figure 8). The Bourdon-type pressure gage measured the
hydrostatic pressure inside the vessel with +50-psi accuracy, the mechanical

dial type displacement indicator measured with ± 0.001-ir. accuracy the

displacement of the center of the windows' low-pressure face, while the

Bourdon-type thermometer registered with ± 0.50C accuracy the tempera-

ture of the water wetting the high-pressure face of the window.

8



Nomenclature

M - external flange diameter (in.) 4.001 In.
L - overall flange thicknen (in.) I i 3.999 in.

a - included conical angle (deg)

L 4.010 in.

Dimensions , 4.000 in.

O: w 90 degrees; tolerance \

M - 17-3/4 11/64 in.
k = 1 ± 1164 in. for 90-deie windows
L = 6:t 1164 in. for 90-degree windows

Material: 4130 steel

Figure 6. Dimensions of typical window mountihg flange for 4-inch-diameter
conical windows.

Figure 7. Typical flange for 4-inch-diameter

conical windows.

9



thermometer dial indicator

water uder 10,00-psieressgr

"~Vessel closure

ica nicator rd

mou nting flange"

wr u nder lO,00psi 'pressure-

Figure 8. Schematic of window test arrangement.

TEST PROCEDURE

Mounting of Windows

The windows were liberally coated with silicone grease on their conical
bearing surface prior to placement into the conical flange cavity. After inserting
the window into the conical flange cavity, a force of approximately 20 to 25
pounds was applied to window's high-pressure face to squeeze out most of the
grease from between the window and the flange (Figure 9). Subsequently, the
flange was bolted to the vessel end-closure, the closure was then placed into the
appropriate pressure vessel prefilled with fresh water and locked into place. The
preparations for testing were completed by mounting of the mechanical dial-
type displacement indicator on the end closure. The dial indicator was mounted
in such a manner that the rod of the indicator protruded through the opening in
the end closure and rested firmly on the center of the window's low-pressure
face.

10
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Figure 9. Installation of a 4-inch-diameter, 90.degree conical window into
flange mounted on the end closure of the 18.inch internal-diameter
vessel.



Pressurization of Windows

The first step was to pressurize the vessel to 1,000 psi and hold it
for 10 minutes, after which the pressure was reduced to zero and the dial
displacement indicator was adjusted to zero reading. This operational pro-
cedure insured that the window was bearing against the steel flange and not
against a thick layer of grease, and that the displacement readings recorded
during and following pressurization to 10,000 psi would be a measure of the
window's displacement, rather than grease extrusion.

The pressurization to the 10,000-psi pressure level was conducted at
a 600-to-700-psi/min rate, and the displacement readings were taken at
1,000-psi increments. After the pressure inside the vessel reached i 0,000
psi, the pumps were stopped and the valve controlling the flow of water to
the vessel was closed. This operation concluded the pressurization of the
windows to their long-term operational pressure.

Long-Term Pressure Loading

Some of the windows were subjected to 10,000 psi of hydrostatic
pressure for 500 hours, while others were kept at that pressure for 1,000
houeb, -n this manner, the damage to the windows could be observed at
discrete time intervals, one of them being twice as long as the other. The
pressure inside the vessels fluctuated as much as ± 100 psi, depending on
the temperature of the ambient atmosphere. No effort was made to control
the temperature of the water. Its temperature fluctuated between 180 C to
220 C depending on the season of the year, and the time of day. Displace-
ment, pressure, and temperature readings were taken three times a day. At
that time the pressure inside the vessel was also readjusted if it differed by
more than 100 psi from the set pressure of 10,000 psi. Such readjustments
were rare, and occurred only in cases where minor leaks occurred in the
hydraulic system servicing that particular vessel, or if the air temperature
changed sharply.

Depressurization

After the window specimens had been maintained under 10,000-psi
hydrostatic pressure for a period of 500 or 1,000 hours, the pressure was
lowered to zero following the same procedure used during pressurization.
When all the pressure was relieved and the magnitude of the window's dis.
placement relaxation was noted, the end-closure was removed from the
vessel and the window extracted from its flange seat. The window was
inspected for any crazing and/or damage and set aside for later reference.

12



TEST OBSERVATIONS

Catastrophic Failures

Only a few test specimens failed when sub,1 ,cted to 10,000-psi loading.
The windows that failed during pressurization wer, Those with a t/D of 0.500
and an included angle of 30 degrees. The windows that failed under a sustained
load of 10,000 psi in a period of less than 1,000 hours were (1) those with a
t/D of 0.500 and an included angle of 60, 90, 120, and 150 degrees, and (2)
those with a t/D of 0.625 with an included angle of 30 degrees.

The windows failed in one of two ways depending upon the included
angle. The specimens with 30, 60, and 90 degrees included angle broke into
very small fragments and ejected entirely from the flange seat upon failure.
Windows with the 120- and 150-degree included angle sheared along a conical
surface that intersected the window's bearing surface at a location nearly equi-
distant from the low and high pressure faces. The section including the
low-pressure face was then ejected thorugh the 1-inch opening in the flange
while the remainder of the high-pressure face remained in the flange seat in
the form of an annular fragment.

Incipient Failures

Cracks were observed on many windows after termination of the
500- and 1,000-hour pressure loadings at 10,000 psi hydrostatic pressure.
Their occurrence was limited to windows with t/D 4 0.625 for 150- and
120-degree conical angle windows, t/D < 0.625 for 90-degree, t/D < 1.250
for 60-degree and 30-degree windows. The cracks always originated on the
conical bearing surface and appeared to propagate into the interior of the
window at right angles to the conical bearing surface.

The cracks were not evenly distributed along the bearing surface
but tended to congregate at the low-pressure face end of the windows. The
width of the band where the cracks were observed was an inverse function of
the conical angle. Thus for the 150-degree conical angle windows, the band
of cracks on the conical bearing surface was only about 0.060-inch wide and
was located adjacent to the low-pressure, e of the window. For the 30-degree

conical angle windows the band of cracks was almost as wide as the width of
the bearing surface. Only a very narrow band of the bearing surface adjacent
to the window's high-pressure face was free of cracks or crazing.

One of the cracks on the bearing surface initiated the fracture plane
if the '10,000-psi hydrostatic loading was sustained sufficiently long or if the
window was pressure-cycled to 10,000 psi many times in succession (Figure 10).

13



The conical fracture surfaces observed in conical windows that failed under
sustained long-term loading in this study bear out the postulate that the frac-
ture plane originates at one of the many cracks on the bearing surface.

Some of the windows showed no cracking on their bearing surfaces.
These windows were-with t/D > 0.750 and 90-, 120-, and 150-degree conical
angles (Appendix B).

Plastic Deformation

High-Pressure Face. The plastic deformation of the windows took
place in three different locations on the window (Figures 10 and 11). On
the high-pressure face there appeared a concave cold-flow crater whose diam-
eter and depth were a function of angle, t/D ratio, temperature, and duration
of loading. In some of the windows, particularly those with the 150-degree
conical angle, the periphery of the cold flow crater was bounded by a crack
running the full circumference of the crater.

Low-Pressure Face. This face also experienced plastic deformation
whose form depended on the conical angle of the window (Figure 10 and 11).
For windows with 30- and 60-degree angles the low-pressure face became con-
vex. Depending on the radius of curvature and tensile flexure, cracks were
either present or absent around the circumference of the low-pressure face.
Windows with conical angles > 60 degrees experienced a different deformation
on the low-pressure face. Whereas with the 30- and 60-degree windows the
low-pressure face became convex, with the 90-, 120-, and 150-degree win-
dows the low-pressure face generally became slightly concave. The concave
appearance of the low-pressure face was caused by the formation of a narrow,
low ridge around the face's circumference.

Window Body. Besides plastic deformation of the high- and low-
pressure faces, there was also deformation of the window's body. This
deformation took the form of a cylindrical plug being extended through the
cylindrical passage in which the conical window cavity in the flange termi-
nated. The length of plastic plug extension was measured (1) immediately
after termination of the long-term pressurization, and (2) 1,000 hours after
termination of the long-term pressurization (Table 3). A significant difference
in magnitude was observed between these two measurements, the magnitude
of plug extension immediately after termination of long-term pressurization
being the larger one. This indicates that the total plug extension of the win-
dow is the sum of three deformations, (1) the elastic, (2) the viscoelastic, and
(3) the plastic.
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(a) Fracture surface on conical bearing surface.

(b) High-pressure face intersected by fracture surface.

(c) Two separated fragments of the window.

Figure 10. Typical deformation and fracture pattern for conical acrylic windows
with included conical angles of 90, 120, and 150 degrees under sustained
hydrostatic loading.
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(a) Typical cold-f low cratering on window's high-pressure face.

low prom"r fac
with coawex bulg

ecldb~nnq

-cak I etigjrf ace

(b) Typical cold-flow plug extrusion of window's low-pressure face.

Figure 11. Typical deformation ?nd fracture pattern of conical acrylic windows
with 30. and 60-degree included angles.
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Table 3. Displacement of Windows After Depressurization From Sustained
Long-Term Hydrostatic Loading at 10,000 Psi

Included Displacement* (in.)

t/D Conical
Angle Prior to Immediately After 1.000-Hours After
(deg) Depressurization Depressurization Depressurization

500-Hour Loading Duration

0.625 30 - - -

60 0.078 0,026 0.000
90 0.057 0.009 0.001

120 0.050 0.015 0.001
150 0.044 0.009 0.001

0.750 30 0.119 0.109 0.001
60 0.071 0.003 0.001
90 0.050 0.006 0.000

120 0.041 0.006 0.001
150 0.037 0.003 0.001

0.875 30 0.097 0.066 0.001
60 0.053 0.011 0.000
90 0.045 0.004 0.000

120 0.036 0.006 0.001
150 0.042 0.004 0.000

1.000 30 0.077 0.046 0.001
60 0.054 0.015 0.001
90 0.046 0.004 0.001

120 0.036 0.006 0.001
150 0.037 0.004 0.000

1.250 30 0.078 0.046 0.002
60 0.052 0.010 0.000
90 0.04 1 0.003 0.000

120 0.036 0.002 0.000
150 0.034 0.004 0.000

continued
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Table 3. Continued

Included Displacement* (in.)

t/D Conical
Anale Prior to Immediately After 1,000 Hours After
(deg) Depressurization Depressurization Depressurizatvon

1,000-Hour Loarding Duration

0.625 30 - -

60 0.083 0.027 0.000
90 0.064 0.016 0.000

120 0.0473 0.015 0.001
150 0.049 0.012 0.000

0.750 30 0.121 0.105 0.003
60 0.070 0.003 0.000
90 0.050 0.006 0.001

120 0.043 0.007 0.001
150 0.038 0.004 0.001

0.875 30 0.116 0.097 0.001
60 0.054 0.015 0.000
90 0.044 0.007 0.000

120 0.037 0.008 0.001
150 0.039 0.005 0.001

1.000 30 0.080 0.058 0.003
60 0.050 0.016 0.000
90 0.047 0.004 0.001

120 0.039 0.007 0.001
150 0.041 0.006 0.000

1.250 30 0.080 0.055 0.002
60 0.052 0.016 0.000
90 0.041 0.002 0.000

120 0.037 0.005 0.000
150 0.036 0.005 0.000

* Displacements shown are not average values for groups of five windows but

are values measured on a few individual windows.
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The maximum extent of elastic plug deformation is obtained by
subtracting-from the axial displacement just prior to depressurization the
displacement reading immediately upon reaching zero psi. The magnitude
of viscoelastic plug deformation, on the other hand, is determined by sub-
tracting from the displacement reading immediately after depressurization
the displacement reading after 1,000 hours of relaxation. The magnitude of
plastic plug deformation is, of course, the difference between the zero dis-
placement reading prior to pressurization and the reading 1,000 hours after
termination of long-term pressure loading at 10,000 psi.

Displacements

Axial displacements measured during the long-term sustair.cc loading
of the windows varied with t/D ratio, conical angle, and duration of loading
(Figures 12 and 13 and Appendix C). The magnitude of displacement appeared
to be directly related to time while inversely related to t/D 'ratio and conical
angle (Table 4). As the t/D ratio was increased for windows of any angle, the
magnitude of displacement for the same duration of sustained loading decreased.
The decrease of displacement did not appear to be, however, a linear function
of the t/D ratio. With each increase in t/D ratio the decrease in displacement
became less, until an asymptotic displacement value was reached that could not
be decreased further by increases in t/D ratios. At 1,000 hours after initiation
of sustained i-hading, the asymptotic displacement values for 1-inch minor diam-
eter windows were as follows:

Conical Angle Displacement
(deg) t/D Ratio (in.)

30 1.250 0.085
60 1.000 0.054
90 0.875 0.045

120, 150 0.875 0.036

The rate of displacement was also observed to be a function of t/D
ratio, conical angle, and duration of sustained loading. In general, the rate of
displacement was inverseiy proportional to all of the above-mentioned param-
eters. The rate of displacement is so high immediately after pressurization to
10,000 psi and drops off so rapidly thereafter that the magnitude of displace-
ment reached by windows I hour after pressurization represents generally
more than 50% of the total displacement observed on the window after
1,000 hours of sustained loading.
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Table 4. Average Displacement of Conical Acrylic Windows During
Sustained Loading at 10,000 Psi

Included Average Displacement (in.) After

t / D C o n i c a l ... ... .
Angle 1 10 100 500 1,000
(deg) Hour Hours Hours Hours Hours

0.500 30 - - - -

60 0.146 -...
90 0.062 0.102 - - -

120 0.050 0.066 0.195' - -

150 0.050 0.064 0.194 - -

0.625 30 0.180 0.197 0.340 0.524 -
60 0.057 0.066 0.076 0.081 0.084
90 0.046 0.047 0.054 0.058 0.062

120 0.036 0.038 0.045 0.049 0.053
150 0.032 0.038 0.041 0.045 0.048

0.750 30 0.120 0.126 0.133 0.138 0.140
60 0.052 0.059 0.065 0.069 0.071
90 0.042 0.044 0.048 0.051 0.052

120 0.035 0.036 0.039 0.041 0.042
150 0.031 0.033 0.038 0.039 0.040

0.875 30 0.085 0.092 0.103 0.106 O.108
60 0.046 0.048 0.055 0.055 0.057
90 0.038 0.038 0.044 0.044 0.045

120 0.034 0.035 0.036 0.039 0.040
150 0.030 0.030 0.035 0.037 0.038

1.000 30 0.076 0.078 0.078 0.081 0.082
60 0.042 0.043 0.048 0.052 0.053
90 0.033 0.035 0.042 0.043 0.044

120 0.030 0.030 0.034 0.038 0.039
150 0.028 0.029 0.034 0.036 0.037

1.250 30 0.074 0.076 0.077 0.077 0.079
60 0.041 0.041 0.047 0.051 0.053
90 0.032 0.034 0.041 0.042 0.043

120 0.029 0.029 0.034 0.037 0.038
150 0.027 0.028 0.033 0.035 0.036
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The magnitudes of displacement observed on full-scale windows
with tiD = 1.00, a 90-degree conical angle, and 4.00-inch minor diameter
were approximately four times larger than the displacement of model win-
dows with ide. tical t/D ratios and conical angles but only 1.00-inch minor
diameters. This confirms the findings made in previous studies that the
magnitude of axial displacement scales linearly with the minor diameter of
the window providing t/D, conical angle, temperature, pressure loading and
duration of loading remain the same.

FINDINGS

1. Conical acrylic windows under 10,000-psi long-term hydrostatic loading
deform either viscoelastically, or viscoplastically, the mode depending on
the conical angle, thickness-to-diameter ratio, duration of loading, and
ambient .emperature.

2. The deformation of the windowsis in the form of a cylindrical plug on
the low-pressure side and a craterlike depression on the high-pressure face.

3. The deformation is a direct function of temperature and duration of
loading, and an inverse function of conical angle and t/D ratio.

4. The wind( ws that experienced no permanent deformation (as determined
by measurements after a single 1,000-hour sustained loading at 10,000 psi
followed by a relaxation period of 1,000 hours) were (1) 30-degree windows

with t/D > 0.750 and (2) 60-, 90-, 120-, and 150-degree windows with t/D
> 0.625.

5. No cracks were observed in 90-, 120-, and 150-degree windows with
t/D > 0.750. Windows with 30- and 60-degree angles had cracks in the
whole 0.625 < t/D < 1.250 range of ratios.

6. The magnitude of axial displacement of windows through the opening
in the flange is a direct function of the temperature and duration of loading,
and an inverse function of conical angle and t/D ratio.

7. For each conical angle of windows under 1,000-hour sustained loading at
10,000-psi pressure, there is a corresponding t/D ratio at which any further
increase in t/D ratio ceases to produce any further decrease in magnitude of

displacement:

t/D Ratio Conical Angle (deg)

1.250 30
1.000 60
0.875 90, 120, 150

I
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8. The asymptotic displacement values for conical acrylic windows with t/D
ratios equal to or larger than those enumerated in Finding 7 are at 1,000-hour
loading approximately:

Displacement (in.) Conical Angle (deg)

0.085 30
0.054 60
0.045 90
0.036 120,150

9. The rate of displacement is a direct function of temperature and an
inverse function of t/D ratio, conical angle, and duration of loading.

CONCLUSIONS

Conical acrylic windows are suitable for applications under long-term
sustained hydrostatic loading of 10,000 psi providing the proper t/D ratio for
a given conical angle is chosen, Windows with conical angles > 90 degrees
require a minimum t/D ratio of 0.75 for crack-free life of 1,000 hours under
a single sustained pressure loading.

RECOMMENDATIONS

For design and fabrication of conical acrylic windows under long-term
hydrostatic loading of 10,000 psi detailed information and specifications con-
tained in Appendixes A, B, and C should be taken into consideration.
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Appendix A

DESIGNzOF WINDOW AND FLANGE SYSTEMS FOR
LONG-TERM LOADING AT 10,000-PSI PRESSURE

INTRODUCTION

When the data generated in this study are to be applied to the design
of windows for deep-submergence systems, several design and operational
parameters must be carefully evaluated. The most important operational
parameter that must be considered is the type of pressure loading to which
the pressure-resistant structures with windows will be subjected. For ease
of discussion, hydrostatic pressure loadings can be classified into four general
categories. These loading categories are (1) static short-term, (2) sustained
long-term, (3) cyclical, and (4) dynamic.

The short-term static pressure loading has been defined as a
contirnuous pressure rise at some arbitrarily set pressure rise rate until a
predetermined pressure is reached; at this point, the pressure is released at
the same rate. The pressure rise rate selected for NCEL window studies", 2'3

was 650 psi/inin.
Long-term sustained pressure loading is defined here as raising the

pressure at some set rate to a predetermined pressure level and holding it
there for the whole duration of the mission. Depending on the duration of
the constant pressure application, the long-term pressure loading is further
defined by the number of hours, or days that it is maintained on the window.4

Cyclical pressure loading is defined as varying the pressure between
arbitrary maximum and minimum pressure levels with thE. period of pressure
fluctuation being either constant or variable.

Dynamic pressure loading depends for its definition on the arbitrary
dividing line between short-term static and dynamic pressure rise rate, which
for windows used in submersibles probably can be placed at 5,000 psi/min.
The dynamic pressure application may be short-term if applied once or
cyclical if applied repeatedly.

WINDOWS

Selection of t/D Ratios

The data that have been generated in this study are applicable directly
with some extrapolation only to design of truncated cone acrylic windows
under short-term or long-term loading at 10,000 psi, since the test specimens
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in this study underwent short-term pressurization at the rate of 650 psi/min
followed by long-term steady pressure loading at 10,000 psi. On the basis of
this data a guideline can be suggested for the benefit of the engineer designing
acrylic hydrospace windows of truncated cone shape for a one-time, long-term
pressurization to 10,000 psi in the 320 F-to-750 F temperature range.

Design Guideline 1. For applications in vv ich'the truncated cone acrylic
windows serve as high-grade optical lenses for manned capsules under asingle sustained t
pressure loading of 10,000 psi in-320 F-75°F temperature range, the following ininintun,
window dimensions are recommended:

Fu t/D Ratio for Sustained Loading Period of-Flange Included Conical______ __ ____ _______

Angle (deg) 1 Hour 100 Hours 1,000 Hours 100,000 Hours

30 1.500 1.750 2.000 2.500
60 1.000 1.250 1.500 2.000

(See Design 90 0.625 0.625 0.750 1.000
Guideline 2) 120 0.625 0.625 0.750 1.000

150 0.625 0.625 0.750 1.000

The t/D ratios acceptable for optical applications of truncated cone
acrylic windows have been selected after a thorough consideration of three
parameters of importance in operational window performance: (1) magnitude
of axial displacement during the long-term pressure loading, (2) deformation
of high- and of low-pressure faces, and (3) magnitude of penetration and loca-
tion of cracks on the conical surface during the sustained loading. Since it is
virtually impossible, regardless of t/D ratio and angle chosen, to completely
eliminate time-dependent cold flow of the acrylic plastic at 10,000-psi hydro-
static pressure, an engineering judgment was made on what constitutes the
minimum acceptable performance of the acrylic window from the optical
and safety viewpoints.

A window is considered to be safe for manned operation if during a
single sustained pressure loading of 10,000 psi in the 320 F-to-75°F range
for the specified maximum duration no cracks or crazing were present on
the high- and low-pressure faces, while the conical bearing surface exhibited
only minor crazing, if any. Total axial displacement in the range of 0.04 D
to 0.08 D at the end of the specified period of loading presents no operational
difficulties for the observer. The window is optically acceptable if it causes
no distortion of viewed objects in hydrospace for an obsever whose eyes are
within 10 inches of the low-pressure face.
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Applicability of Data to Other Loading Conditions

J As previously mentioned, the experimental data geperated in this rtudy
is applicable with reasonable extrapolation only to a single short- or long-term
static pressure loading at 10,000 psi. However, since very few data are now

available for the design of windows subjected to long-term loading at pressures
other than those used in this study, some designers may be tempted to base
their selection of window proportions on the data from this study. This is not
recommcldle. The factors for adjusting t/D ratios from this study for other
pressure levels have not yet been developed. Studies, however, have been com-
pleted that provide this information for 20,000-psi applications. 4 The results
of long-term pressure study at 5,000 psi will be published in late 1971.

It is recommended as operationally desirable that the minimum t/D
ratios acceptable for 1 0,000-psi long-term pressure loading also be used for
pressures in the 5,000to-10,000-psi range. This change in long-term opera-
tional static pressure magnitude will make it possible to proof-test such
windows to 10,000 psi without damaging them.

The experimental data of this report also should not be used for
the direct selection of window proportions for applications where the win-
dow is subjected to cyclic short-term or long-term pressurizations. Caution
is advised here because the relationship betw.en the effect of cyclic and long-
term loading conditions on the initiation of fractures in acrylic windows is
not known. However, in view of the fact that cyclic pressurization data for
windows operating at 10,000 psi are either nonexistent or very scarce, designers
may also be tempted to use long-term pressure loading data contained in this
report for the design of windows for cyclic pressure service. Designers who do
this are advised that the window proportions recommended for 100,000-hour
sustained loading at 10,000 psi will probably perform quite satisfactorily at
10,000-psi cyclic loading so long as the maximum duration of the pressure
cycle is less than 100 hours. If window proportions are selected for cyclic
service on this basis, evaluation of the prototype full-scale window under
simulated operational conditions is recommended.

Window Fabrication

Since the windows rely on intimate contact with the conical flange
cavity surface for their high-pressure sealing as well as for their restraint
against axial displacement, an accurate fit with that cavity is of great impor-
tance. For this reason the maximum allowable machining tolerances on the
window must not exceed ±0.005 inch on the minor diameter, 0.010 inch in
thickness, and ± 15 minutes of included conical angle.
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The windows are fabricated by machining acrylic stock having the
mechanical and physical properties of Plexiglas G plate. FOur-inch-thick
commercially available plate, a custom cast block, or a block made up by
bonding of several standard acrylic plates can serve as machining stock. In
the case of custom cast or bonded blocks, the end product must have the
saine mechanical and physical properties as a monolithic, commercially
available 4-inch-thick Plexiglas G plate. It is particularly important that
the tensile strength of the bonds in the bonded acrylic block be equal to
or approach (6,000-psi minimum) that of the parent material (Table 1).

Regardless of the machining stock used, the window should be
annealed twice during its fabrication: once after rough machining when
it is within approximately 0.125 inch of finished dimensions, and a second
time when it has been machined to its final dimensions and the surfaces
have been polished. Without annealing, the conical bearing surfaces of the
window will craze and crack sooner under operational service.

The machined surface of the conical bearing surface of the window
should have a smoothness of at least 63 rms followed by polishing. If the
surface finish is rougher, crazing and cracking of the conical bearing surface
could initiate sooner in operational service.

Proof-Testing of Windows

When the experimental data contained in this report are used for
the design of windows, care must be taken not to damage the windows with
excessive overpressure proof-testing. The basic ground rule for windows
selected on the basis of long-term tests described in this report is that conical
acrylic windows should not be subjected to pressures above 10,000 psi, regard-
less whether this occurs during the operational life of the window or during
the proof-test that precedes it. Because of this, if the operational service of
the windows is to be at 10,000 psi, the proof pressure preceding the opera-
tional use oG, the windows must only be equal to operational pressure. If for
some reason the proof pressure must be in excess of operational pressure,
then accordingly the operational pressure rating must be reduced below the
10,000-psi pressure level.

Since the proof-test to 10,000 psi prior to placement of the window
in actual service constitutes a loading cycle, it is important to make it as brief
as possible so that it does not substantially reduce the rated long-term life of
the window in subsequent operation under service conditions. In addition to
proof-testing each window, quality control in the procurement of acrylic stock,
and in machining, annealing, and bonding of the window is required. If this
quality control in fabrication is augmented by the destructive testing under
short-term conditions of a window selected at random from the same group
of windows on the production line, very reliable windows for long-term

28



loading can be obtained. In this manner even though one window is sacrificed
to destructive proof-testing, the remaining windows from the same production
batch retain most of -their potential pressure-resisting capability for actual serv-
ice.

If the proof-testing of operational windows to 10,000 psi is a firm
requirement for certification, the t/D ratio of windows for sustained service
at 10,000 psi should be based on design guideline 1 for 100,000 hours sus-
tained loading duration.

FLANGES

Configurations

Although all the bulk of experimental data of this study has been
generated in the DOL 1 flange and window configuration (Figure A-1), a
minor modification of this configuration is recommended for full-size hydro-
space windows to give the user an added margin of safety for windows whose
proportions have been selected on the basis of this study.

The recommended modification to the DOL 1 flange and window
configuration consists of locating the window's low-pressure face further
away from the cylindrical passage in the flange to provide not only radial
but axial restraints for, the extruding portion of the window. Such a flange
and window configuration, designated as DO L 5 flange (Figure A-2), permits
the windows to extrude somewhat less than the windows described in this
study and thus give the designer extra margin of safety and optical perfor-
mance.

In order to minimize the displacement of the window under sustained

operational pressure, as well as to provide a necessary margin of safety for
overpressures to which the windows may be accidentally or intentionally
(as in proof-testing) exposed, the engineer must design the window flange
opening with required radial and axial support for the window. The dimen-
sions of DOL 5 window flanges have been calculated and are presented in
guideline 2. These calculations are based on two assumptions. The first is
that the distance b between the windoW's low-pressure face in the conical
flange cavity and the bottom of the conical cavity must be approximately
the same as the displacement of the window with recommended t/D ratio
during the specified duration of sustained loading at 10,000 psi. The second
is that either an overpressure or extension of rated loading duration may be
encountered by the structure during its life and therefore an additional
allowance, 2, equal at least to b should be made for window displacement
in the cylindrical flange cavity.

29



D = minor window diameter
0E Of minor diameter of the flange cavity

Note.

1. D =f for all tID ratios and conical angles (M1
2. R ; 2 x displacement of window during the sustained

pressure loading for specified period of time

Figure A-1. Characteristics of DOL 1 flange and window assembly used in the
current study.

The first assumption must be taken into account. The second one
should be considered, but in frany cases no pressures higher than operational
will be encountered, and thus no provisions have to be made for displacements
caused by overpressure or for duration of loading past the oliginally specified
time span.

Design Guideline 2. Fo; applications in which the truncated cone acrylic windows
serve as high-grade optical lenses for manned capsules under sustained pressure loading of
10,000 psi in 320F-to-75°F temperature range, the following minimum flange cavity pro-
portions are recommended:

Window Flange Included Angle D/Df Cylindrical
(deg) Ratio Passage Length, 2

30 1.05 >0.1 D
(See Design 60 1.10 >0.1 DGuideline 1) OL5 90 1.15 >0.1 D

120 1.20 e0.1 D

150 1.42 >0.1 D
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DOL 5 Assembly

Note:

1. a* - To be chosen by designer on basis of stress field evaluation in the flange
2. 3* - To be chosen by designer on basis of optical viewing requirements

3. R > b for all tJD ratios and conical angles (a)

4. b > displacement of window during the sustained pressure loading for
specified period of time

5. D > Df for at' t/D ratios and conical angles Cc

Figure A-2. Characteristics of DOL 5 flange and window assembly (the assembly
recommended for long-term 10,000-psi pressure).

Finishes and Tolerances

The experimental data relating flange-seat surface roughness to crack
initiation in the bearing surface of conical acrylic windows under longterm
loading is inconclusive. Therefore, no definite recommendation that would
be applicable to all t/D ratios and angles can be made for a particular surface
finish at this time. It can be only stated that so long as the surface finish is
in the range of 32 to 125 rms, the acrylic conical windows will perform satis-
factorily. The surface finish of the flanges used in this study was 63 rms, it
performed quite acceptably and can be considered a happy compromise
between the more expensive 32-rms finish and the rough 125-rrns finish.

Although exploratory experimental data indicate that an angle mis-
match between the acrylic plug and the conical flange seat of I to 2 degrees
magnitude does not noticeably affect the critical pressure of the window,
the mismatch should be kept to a minimum to eliminate high-pressure sealing
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problems. To minimize leaking, deviation of the conical fiange cavity from
the specified angle should be in the ±5-to-± 15-minute range, easily attained
with ordinary machine shop practice.

The effect of variation in the minor diameter of the conical cavity on
the displacement and critical pressure of the conical acrylic windows varies
with the type of window-flange system used. The effect of variation is most
pronounced for the DOL 2 window/flange system and least pronounced for
the DOL 5 system. Since DOL 5 system (Figure A-2) is the one recommended
for windows under long-term hydrostatic loading, the diametral tolerance for
minor diameter of conical flange cavity may be in the range ±0.001 to ±0.005
inch. These tolerances are readily achieved with ordinary machining processe:.

SEALS

Requirements

One of the major problems encountered in the design of window
systems for long-term loading is the design of seals. The difficulty in the
design of seals for such a system stems from the fact that there are three
separate operational requirements that the seals must satisfy.

1. The window system must be watertight at low pressures while
the capsu!e, or habitat, is being towed to its location.

2. The window system must be watertight at the maximum
operational pressure during the projected duration of the
mission on the ocean bottom.

3. The window system must be watertight upon return of the
capsule, or habitat, to the ocean surface, and during the sub-
sequent towing to dock.

It is relatively easy to s3tisfy the first two requirements. Any
ordinary gasket will seal the high-pressure face of the window against the
window-retaining ring at low hydrostatic pressure, while the greased surface
of the window acts as a seal itself under high external hydrostatic pressure.
It is much more difficult to satisfy the third requirement because the win-
dow has experienced viscoelawic deformation during its long-term service
under operational pressure of 10,000 psi. Upon return of the capsule to
the ocean surface there is a tendency for the windows to leak; because
viscoelastic displacement of the window has taken place, the gasket
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between the window-retaining ring and the window is no longer compressed.
There are many design approaches that will mitigate or completely eliminate
the problem of window leakage upon return of the capsule or'liabitat to the
ocean surface after its long--term submergence.

Seal Evaluation

From the aspect of space required to contain the window and its seal
system, the compressed gasket, the elastomeric wiper ring of triangular cross
section, and the axially compressed O-ring (Figure A-3) called for the least
space. They required a conical flange cavity whose depth was only somewhat
greater than the window's thickness. Thus it would appear that in hydrospace
window applications in which the depth of the conical flange cavity in the
pressure hull must be kept to a minimum because of limited hull thickness,
such seal designs are attractive.

One shortcoming of the compressed gasket and the wiper seal designs
is that for low-pressure sealing capability at the termination of the long-term
pressure loading they both rely on ihe elastomeric properties of the gaskets
that initially were axially compressed at least 0.1 D. If, due to the action of
seawater, hydrostatic pressure, low temperature, and high initial compression,
a permanent set of the elastomer occurs, it will lose its ability to force the
window into contact with the flange cavity surface and thus not provide
sealing at low pressures.

From the aspect of scaling ability after long-term pressure loading

during which the elastomers in the seals acquire a considerable permanent
set, the seal designs incorporating an elastomeric O-ring or the channel seal
are the most desirable. The latter seals maintain contact with the flange
cavity surface even with permanent set in the elastomeric seal as a result of
the force exerted on the window by precompressed metallic springs. Of these
two types of seals, the ones incorporating the elastomeric O-ring are more
desirable because they utilize only off-the-shelf commercial elastomeric rings
that are available in many formulations.

A major shortcoming of these sealing systems is the stress raiser effect
introduced into the window bearing surface by the presence of grooves machined
for the placement of seals. This stress raiser effect is most severe in the groova
cut for the axial O-ring seal, particularly in windows with a 30-degree included
angle. The stress raiser effect of the axial O-ring seal, however, has negligible
influence on the critical pressure or life of the window if the groove is located
not further than t/3 from the high-pressure face of the window (Figure A-i),
since in that area the stresses generated by hydrostatic loading of a conical
window are generally low.
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IX Gasket Seal

,/flat annular srn

/Radial 0-Ring Seal

Channel Seal

Wiper Seal

Axial O-Ring Seal

Figure A-3. Seals applicable to windows under long-term pressure loading.
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In terms of window displacement, the radial O-ring seal is the most
desirable one as the window is approximately 25% thicker than designs incor-
porating plain gasket, wiper type seal, or axial O-ring seals; at the same time
the radial O-ring design does not have the serious stress raiser effect-of the
channel seal groove. Because of the added window thickness that the radial
O-ring seal requires and the low stress raiser effect,it is considered to be the
most conservative window seal system.

Seal Selection

In view of the considerations discussed in the section on seal design
evaluation, it can be postulated that for long-term loading at a hydrostatic
pressure of 10,000 psi only two seal designs are attractive. Where the window
cavity in the flange is to have the least axial length possible and where the
economics of window-seal system fabrication are important, the simple
gasket seal design is preferable.

Design Guideline 3. For the simple gasket seal, the design guidelines for selecting
the magnitude of elastic gasket precompression under the window retainer ring depend on
the design guidelines used in the selection of window t/D ratios.

Corresponding Gasket Compressions1

Selection of Corresponding Conical Under Retainer Ring(s) for Included Angles-
Window t/D Cavity Dimensions 9

30  600 90°  120°  1500

Guideline 1 Guideline 2 0.08 D 0.06 D 0.06 D 0.05 D 0.05 D

a Minimum precompression.

If the gaskets are compressed (Figure A-4) as recommended, and no

permanent set of the elastomeric gasket occurs, the seal should perform ade-
quately prior to the long-term pressure loading, during the sustained long-term
loading of 10,000 psi, and in low-pressure service encountered by the window
when the ocean bottom habitat or capsule returns to the ocean's surface.

In applications in which (1) a deeper flange cavity can be tolerated,
(2) off-the-shelf commercial O-rings are available for 'hat particular window
diameter, (3) some pressure cycling will be present, and (4) a more conservative
window design is preferred, the radial O-ring seal is recommended.
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Prior to Compression After Compression

"1 / .11/2
, I , I --- $--X

y - x = compression

Figure A-4. Parameters for selection of gasket seal compression according

to ' sign Guideline (Appendix A).

Design Guideline 4. For the radial O-ring seal, the design guidelines for
selecting the magnitude of the cylindrical lip on the window and corresponding cylin-

drical recess in the flange depend on the design guidelines used in the selection of window

t/D ratios.

Corresponding Dimensionsa of
Lower Cylindrical Windows

Selection of Corresponding Conical Lip (k) for Included Angles-

Window t/D Cavity Dimensions Lip_(k)_forIncludedAngles-

300 600 goo 1200 1500

Guideline 1 Guideline 2 0.2 D 0.2 D 0.2 D 0.2 D 0.2 D

a Minimum thickness.

The foregoing description of dimensions (Figure A-5) recommended
for the lower cylindrical window lip does no describe the overall thickness of
the lip, but just its lower portion below the O-ring groove. In order to specify
the window, however, one must also know the overall thickness of the lip. To
arrive at that dimension K, one must add to k the width of the O-ring groove
w and the upper cylindrical window lip n. Both of these dimensions do not
depend on the magnitude of the external pressure to which the window will
be subjected but on the size of the O-ring, which in many cases is chosen
solely on the basis of the window diameter.

In general, the width of the groove should be > 0.15 inch for 1/8-inch
O-rings associated with small windows and > 0.3 inch for 1/4-inin O-rings used
in large windows. The upper cylindrical window lip should be at least equal in
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thickness to the groove width, or may be even thicker to prevent its chipping

during handling of windows at installation. The resulting window, because

of its added thickness is quite conservative for service at 10,000 psi.

SUMMARY

To tie the many design guidelines together that are spelled out in

Appendix A, two typical windows will be designed and dimensioned.

Case A

Requirements

Pressure: 10,000 psi

Type of loading: Sustained, 1,000 hours

Type of service: Optical observation of hydrospace

Cone angle: 90 degrees

Type of seal: Radial O-ring

Minor diameter: 1 inch

Dimensioning

Optical service requires that Design Guideline 1 be used for window

t/D selection (in this case t/D = 0.750), Design Guideline 2 for flange cavity

D/Df selection (in this case D/Df = 1.15 and 2 = 0.1 D), and Design Guideline

4 for radial O-ring seal and window lip thickness s,m.ction (k = 0.2 D, w = 0.15,

n = 0.15)? The configuration of the window and flange is shown in Figure A-6.

Case B

Requi'ements

Pressure: 10,000 psi

Type of loading: Sustained, 1,000 hours

Type of service: Optical observation of hydrospace

Cone angle: 90 degrees

Type of seal: Gasket seal

Minor diameter: 1 inch
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Figure A-5. Parameters for selectioil if window lip dimensions according to
Design Guideline 4.
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Dimensioning

Optical observation service requires that Design Guideline 1 be used
for window t/D selection (in this case t/D = 0.75), Design Guideline 3 for
flange cavity D/Df selection (in this case D/Df = 1.15, k = 0.1 D), and Design

Guideline 3 for gasket seal precompression specification (in this case 0.06 D).
The configuration of the window is shown in Figure A-7.

Sitce all of the design guidelines discussed in Appendix A had as their
objective a window that performs reliably and safely in 5,000-to-10,000.psi
pressure range and 32 0 F-to-75°F temperature range, an approach to dimen-
sioning was used that always assumed the windows would be used at the most
severe loading condition. Thus it can be expected that when an optical service
window sealed with a radial O-ring is operated at 6,000 psi and 340 F tempera-
ture -for less than the whole span of its rated life, the displacements of the
window will be much less than provided for by the design guidelines. On the
other hand if a gasket-sealed optical service window is operated at 10,000 psi
and 750 F temperature for the whole span of its sustained loading rating, the
displacements will probably be equal to those foi eseen by the design guidelines,
but not larger. If the windows may during their life be subjected to (1) pres-
sures above 10,000 psi (like dynamic overpressures), (2) temperatures above
75 0 F (as windows in deep ocean simulation facilities on land), (3) cyclic
loading to 10,000 psi, or (4) if optical requirements are especially stringent,
then window thicknesses for 100,000-hour sustained servce must be chosen
even though the length of actual sustained loading may be on the order of
only several hours.

neoprene gasket,
ofeica m p r e ssed 0.06 in. p

9ur rang
30.760

,, 1 in._/

\0.999 in.
A• P 0.f in,0.165 i i

L ~05 in.

i Figure A-7. Typical design of gasket seal on a 90.degree window for 1,000 hours

of service at sustained 10,000.psi pressure in 32°F-to-75°F tempera-
= ture range.
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Appendix B

EFFECTS OF SUSTAINED PRESSURE LOADING

ON CONICAL WINDOWS

INTRODUCTION

The windows subjected to sustained loading under 1 0,000-psi

hydrostatic pressure for time periods of 500 and 1,000 hours experienced
permanent deformation, cracking, or even catastrophic failure. The extent

of cracking, or duration of sustained loading prior to catastrophic failure
depended on the included angle and the t/D ratio of the 1-irich-diameter
windows tested, so long as the temperature of the water was held in the
65°F-to-75°F range for all the tests. At what exact time during the sus-
tained pressure loading a certain crack or cold-flow crater was formed is
unknown, as no techniques were utilized that would permit intimate
observation of the interior of the window body during the hydrostatic
loading.

Since all observations of damage to the tested windows were made
only after the testing was completed and the windows were removed from
their flanges, it cannot be stated with absolute certainty which damage to
the window occurred during the pressurization pha.e from 0 to 10,000 psi,
sustained pressure loading phase at 10,000 psi, or unloading phase from
10,000 psi to 0 psi. Some of the changes in the window (e.g. cold-flow
cratering on the high-pressure face and the cold-flow extrusion-on the low-
pressure face) must have taken place during the hydrostatic load application.
These deformations are clearly the responses of the acrylic window to
hydrostatic force acting on its high-pressure face.

The time of origin of the cracks in the window is not so obvious.
Some of the cracks, such as those on the low-pressure face, definitely
appear during the loading of the window; they are caused by the bulging
of the low-pressure face, which induces local tensile stre-ses in the face.
Also, during some of the tests, the low-pressure faces were observed and
extensive cracking and fracturing of the face was noted prior to failure.
Whether the cracks at right angles to the conical seating surface occurred
during the loading, or during unloading cannot be definitely ascertained.
However, there is good evidence that most cracks did originate during

the pressurization and sustained pressure-loading phases.
The case for this supposition rests on two observed phenomena.

One is the penetration of lubricant into some very deep cracks. The lubri-
cant, could not penetrate into the interior of the window through the
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hairline cracks if it was not under very high hydrostatic pressure. But not
all of the cracks were penetrated by grease, indicating either that some were
formed during the depressurization phase, or that they were formed during
pressurization as shear cracks, which are kept from opening into fissures by
the compression forces acting at right angles to the crack surfaces. Since
in explosively failed windows one can find the failure surface to be an out-
growth of just such cracks, it can be stated with a fair degree of confidence
that most of the shear type cracks at right angles to the conical seating surface
form when the window is being pressurized or is under sustained ioad and not
during depressurization. Because description of cracks or crazing in individual
windows would be quite lengthy, and at best oniy a poor substitute for visual
information, it has been omitted in this report. Instead, photographs of all
the tested windows have been included that will permit the designer to judge
for himself the extent of damage, if any, that the windows have incurred dur-
ing the long-term sustained loading of 1,000 hours at 10,000 psi hydrostatic
loading in ambient room temperature environment (Figures B-1 through 6-5).
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(a) Windows with tjlD ratios of 0.625,0.750,0.875, 1.000, and 1.250. N

(b) Cold-flow crater on high-pressure face of window with t/D 0.625.

Figure B-i. Effect of 1,000-hour sustained loeding under 10,000-psi pressure
on 30-degree conicai acrylic plastic windows.

(a) Windows with t/D ratios of 0.500, 0.625, 0.750, 0.875, 1.000, and 1.250.

(b) Cold-flow crater on high-pressure face of window with t/D = 0.500.

Figure B-2. Effect of 1,000-hour sustained loading under 10,0G0-psi
pressure on 60-degree conical acrylic plastic windows.
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, (a) Windows with t/D ratios of 0.500, 0.625, 0.750, 0.875, 1.000, and 1.250.

Mb Cold-flow crater on high-pressure face of window with tID 0 .500.

Figure B-3. Effect of 1,000-hour sustained loading under 10,000.psi

pressure on 90-degree conical acrylic plastic windows.

(a) Windows with tID ratios of 0.500, 0.625, 0.750, 0.875, 1.000, and 1.250.

(b) Cold-f low crater on high-pressure face of window with t/D 0.500.

Figure BA4. Effect of 1,000-hour sustained loading under 10,000-psi
pressure on 120-degree conical acrylic plastic windows.
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(a) Windows with t/D ratios of 0.500, 0.625, 0.750,0.875, 1.000, and 1.250.

(b) Cold-f low crater on high-pressure face of window with t/D 0.500.

Figure 8-5. Effect of 1,000-hour sustained loading under 10,000-psi
pressure on 150.degree conical acrylic plastic windows.
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Appendix C

DISPLACEMENTS OF CONICAL ACRYLIC WINDOWS UNDER
SUSTAINED HYDROSTATIC LOADING AT 10,000 PSI

Each of the conical acrylic windows subjected to sustained 10,000-
psi hydrostatic loading experienced axial displacement through the flange
opening. There were three distinct phases in the axial displacement of each
window. The first phase took place when the pressure was raised at a 650-
psi/min rate from 0 to 10,000 psi. The second phase was relatively rapid
axial displacement of the window through the flange immediately after
the 1 0,000-psi sustained pressure loading was reached. The second phase
lasted for approximately 12 to 24 hours. The third phase of axial displace-
ment was the relatively slow axial displacement of th: window during the
remaining duration of sustained pressure loading at 10,000 psi. To
emphasize and delineate the three distinct phases of axial displacement,
two different scales were used for plotting the displacements. Log-log
scales with 0.001-inch displacement and 1-minute time units were selected
to show the rapid rate of displacement of the windows during phases 1 and
2. Linear scales with 0.01-inch displacement and 1 -day time units were
chosen to show the slow rate of displacement during phase 3. To permit
rapid visual comparison of the two different displacement phases, they are
grouped together in Figures C-1 through C-6 for each different window
configuration.

When one observes the graphs depicting phases 1, 2, and 3 one
immediately notes that the relationship between time and magnitude of
axial displacement is not shown graphically by a narrow line but by a wide
band whose width and shape varies from one figure to another. There are
several reasons for this.

1. Each curve represents the range of displacements shown by a group of
five window specimens which were not of identical dimensions, but varied
by the magnitude of dimensional machining tolerances.

2. All of the five windows comprising a single t/D ratio group for a given
angle were not tested in the same flange, but in several flanges that differed
from each other by the magnitude of dimensional machining tolerances and
slight differences in machining finish.

3. All five windows in a group were not tested at an identical temperature.
The average temperature varied several degrees from one long-term test to
another.
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4. All of the five windows were not machined from the same piece of

material, or for that matter at the same material removal rate.

There are several general observations that can be made about

the scatter of recorded displacement data. First, the width of the plotted

displacement range appears to be in a large measure a function of absolute

displacement magnitude; (that is, at small displacements the range is narrow,

while for large displacements the range is large). Second, displacements of

windows that are accompanied by extensive cracking and fracturing of the

acrylic material (tD = 0.500 for 60, 90, 120, and 150 degrees) vary more

from one specimen in the same group to another than the displacements of

windows not accompanied by extensive cracking. This phenomenon in all

probability is caused by the randomness of crack initiation and propagation,

as compared to the nonrandomness of typical stress-strain behavior of mate-

rial before cracking.
Since in some of the t/D ratio groups all of the windows failed prior

to the termination of the 1,000-hour tests, no graphs exist depicting phase 3

of window displacement. In other groups of windows only some of the win-

dows failed prior to 1.000 hours at sustained 10,000-psi pressure loading.

For those groups of windows, only the lower boundary of the phase 3

displacement range has been shown since the upper boundary is undefined.

(See, for example, 30-degree windows with t/D = 0.625.)
When the data contained in Figures C-1 through C-6 are used for

design of operational windows, the upper boundary of displacement ranges

should be utilized. It represents a conservative approach to sizing of window

flange cavities for containment of windows during their displacement under

sustained hydrostatic pressure of 7,500 to 10,000 psi. For design of windows
that will be used at a sustained pressure in 5,000-to-7,500-psi range the lower

boundary of the displacement range should be utilized as otherwise the design

of flange cavity becomes too conservative.
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ABSTRACT
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The magnitude of axial displacement was found to be a function of Co, t/D
ratio, temperature, and duration of loading. Only windows with t/D ratios
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INTRODUCTION

-Previous studies1"3 conducted at the Naval Civil Engineering
Laboratory (NCEL) have shown that although the spherical shell.sector
windows represent the most efficient structural shape for acrylic windows,
the conical frustum windows are also fairly efficient, particularly if the
included conical angle is very large. Because widespread use of conical
windows has made them a somewhat standard shape, they were chosen
first for further investigation in preference to spherical shell windows.

Because the viscoelastic nature of acrylic makes the duration of
sustained hydrostatic loading a crucial operational factor, it was chosen as
the first of the candidate materials to be studied in greater detail. In view of
the multitude of variables involved, it was decided to investigate the effect of
long-term loading on conical acrylic windows in three distinct phases. The
first phase in the long-term loading program was to focus on the behavior of
conical windows under long-term 20,000-psiihydrostatic loading, while the
succeeding two phases addressed themselvesito 10,000-psi and 5,000-psi
hydrostatic loadings. the first two phases of the research program have
been already completed. 4,5

The test results fromthe previous two studies have shown that
although the viscoelastic nature of acrylic makes time-dependent axial dis-
placement of acrylic windows under long-term loading inevitable, the windows
are operationally safe for hydrostatic pressures up to 20,000 psi providing
proper thickness-to-minor-diameter (t/D) ratios and included conical angles
(oz) are chosen. Furthermore, it was shown that the axial displacement of
the window through the flange is a function of pressure, temperature, t/D
ratio, conical angle ci, and duration of sustained loading. Since the interrela-
tionship between the many variables is very complex and the analytical tools
for analyzing them were not available at that time without a lengthy and
expensive development program, an empirical approach was chosen for
providing the engineer with the necessary data (Appendix A) for design of
windows applicable to ocean bottom habitats or ocean simulation facilities
(Figure 1). Thus, the experimental data have been presented (1) in graphical
form as sets of curves where the axial displacement of the windows through
the flange at a given hydrostatic pressure is plotted versus time, t/D ratio, and
included angle a, (2) in pictorial form in which the cracks and fractures in the
windows are related to the window dimensions and length of loading. Such

o2,,1



sets of curves and photographs are already available for the 20,000-psi and
10,000-psi long-term pressure loadings. This report presents the resuits of
study on the long-term loading of acrylic windows at 5,000-psi hydrostatic
pressure.

The scope of the investigation of the behavior of conical acrylic
windows under sustained long-term hydrostatic loading of 5,000 psi was
limited to model windows with 30-, 60-, 90-, 120-, and 150-degree included
conica! angles and 1.000, 0.750, 0.625, 0.500, and 0.375 t/D ratios (Table 1).
All cf the tests were conducted in the ambient room temperature range from
650 to 750F, and the duration of loading was either:500 or 1,000 hours. The
effect of temperature was not investigated, as its effect on the axial displace-
ment and critical pressures of conical-acrylic windows under long-term loading
was already established in the first phase 4 of the long-term window loading
program. The effect of temperature was found to be that critical pressure
increased and axial displacement decreased as the temperature decreased.
The effect of dimensional scaling on the axial displacement of windows
under long-term loading was also not investigated as it was established in
the first 4 and second5 phases of the long-term window loading program
that for windows with identical t/D and ci the displacements vary linearly
with D.

InN LI

ii

Figure 1. Window installed in end closure of 18-inch (inside diameter) pressure
vessel for observation of test specimens.



Table 1. Test Plai forConical Acrylic Windows Subjected to 5.000 Psi
of Hydrostatic Prezure for 1.000 Hours

(# represents a group of fiv test specimens, each with a
minor diameter of 1.0 inch.)

Thickness, t Included Angle (deg)

(in.) 30 60 90 120 150

3/8 (0.375) • •

1/2(0.500) 0 - 0 0

5/8 (0.625) 0 0

3/4(0.750) • 0 0 0

1(1.000) 0 0 0

TEST SPECIMENS

The test specimens (Figure 2) were machined from commercial
Plexiglas G stock (Table 2) by turning in a horizontal lathe. Accepted

machine shop practices were used to maintain dimensional tolerances of
±0.005 inch on the specified minor diameter of 1.000 inch and ±30 minutes
on the included conical angle for all the test specimens (Figure 3). Since the
thickness of commercially available acrylic plate stock varied from the nominal
thickness because of fabrication tolerances, the actual thickness of the finished
windows also deviated from the nominal thickness. However, since all of the
windows for a given t/D ratio and conical angle were machined from the same
acrylic plate, their thicknesses were within ±0.010 inch of each other. The
finish on the conical surface was 32 rms.

TEST SETUP

Window Flanges

The window flanges tOsed for the testing were the same that were used
in the long-term loadings of windows to 20,000-psi and 10,000-psi pressure
(Figures 4 and 5). The ±0.001-inch tolerance on the 1.000-inch minor diam-
eter and the ± 15-minute tolerance on the conical angle assured close fit between
the windows and the flange. Because the minor diameter of the window matched

3 
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that of the flange, ,the low-pressure face of the window.was flush with the
bottom of the-conical cavity in the flange. This type of window seating in
the flange and the cylindrical passage in the flange through which the window
had to displace are the characteristics of. the DOL I window mounting arrange-
ment used in the prior studies on long-term loading at NCEL. Because the
mounting arrangement was the same for all the long-term loading studies, the
resulting data-can be compared without resorting to any special conversion
factors.

Figure 2. Typical conical acrylic windows of 1-inch minor diameter used in
NCEL experimental programs.

4



Table 2. Properties of Acrylic Window Material

Property Typical Test Method

Physical Properties

Hardness, Rockwell M 90 ASTM-D785-62

Hardness, Barcol No. 47 ASTM-D2583

Specific gravity 0.01 ASTM-D792-64T
(2 tests within 0.005)

Refractive index 1.50 ± 0.01 ASTM-0542-50

Luminous transmittance 91% (min) ASTM-D1003-61
(1/8-inch material)

Haze (1/8-inch material) 2.3 (max) ASTM-D1003-61

Heat distortion temperature ASTM-D648-56
+3.60F/min at 264 psi 200°F
+3.60 F/min at 66 psi 220°F

Thermal expansion/°F at 20°F 35 x 10-6 Federal Standard 406
Method 2031

Water absorption (1/8-inch material) ASTM-D570-63T
(a) 25 hours at 730 F 0.3% (max)
(b) to saturation 1.9% (max)

Mechanical Properties

Tensile strength, rpture 9,000 psi (min) ASTM-D638-64T
(0.2 in./min)

Tensile elongation, rupture 2% (min) to '7% (max) ASTM-D638-64T

Modulus of elasticity, tension 400,000 psi (min) ASTM-D638-64T

Compressive strength, 15,000 psi (mi) ASTMD695-63T
(0.2 in./min)

Flexural strength, rupture 14,000 psi (min) ASTM-D790-63

Shear strength, rupture 8,000 psi (min) ASTM-D732-46
Impact strength, Izod
(pch ofrnth) lzo0.4 ft-lb (min) ASTM-D256-56(per inch of notch)

Compressive deformation under load 2% (max) ASTM-D621-64
(4,000 psi at 122 0 F for 24 hours)

"I_



Material: Plexiglas G

Nomenclature 
/D = minor diameter (in,)

t = thickness (in.)
Ct included conical angle (deg)

Dimensions

D = 1.0 in.; tolerance - ±0.005 in.-
t= nominal 0.375, 0.500, 0.625, 0.750, 1.000 in. C

(manufacturer's plate thickness tolerances apply)
ix - 30, 60, 90.,120. or 150 deg; tolerance = ±15 min-

Figure 3. Dimensions of typical conical window specimens.

Material: 1015 steel1.0in

0.999 in

Nomenclature -- >-~' 63 -1.00 i

M = external flnge diameter (in.) - 7 2li.~ ±/4n

cc = included conical angle (deg) jx 2.000 in. 3

Dimensions

01a 30,60 ,90, 120 and 150 deg; tolerance =±5 minC
M =8± 1/64 in. for 30-,60-,90-, and 120.dleg windows

17;t 1/64 in. for 150.deg windows

Figure 4. Dimensions of typical window mounting flanges for 1-inch-diameter
conical windows.

Figure 5. Typical flanges for 1 -inch. diameter conical window.



, Pressure Vessels

The vessels used for the testing of windows were 16-inch naval gun
shells converted by NCEL to serve as internal pressure vessels. The window
test flanges were attached to the vessel end closures by special adapters that
permitted the cylindrical passage in the window mounting flange to line up
with the opening in the end closure. With the help of this arrangement, it
was possible to maintain atmospheric pressure on the low-pressure face of
the windows and also to allow the fragments of the window to be ejected
from the vessel if the window failed during the long-term test (Figure 6).

pressure-vessel
fluid inlet cylindrical cavity end closure air bleed vent

low resuresfreface

window mounting flange

Fogure 6. Typical window/flange assembly used in testing 1-inch-diamneter
conical windows in converted 16-inch naval gun shells.
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The vessels were equipped with an electrically heated jacket to
maintain the temperature of the water above 650 F even if the ambient
temperature in the vicinity of the vessels dropped to 40°F during the win-
ter months. No provisions existed for preventing the temperature from rising
above 709F when the ambient air temperature increased during hot-spells in
the summer months.

Instrumentation

The instrumentation for the long-term testing of windows consisted
of a Bourdon-type pressure gage, a mechanical-type dial indicator (Figure 7),
and a remote-reading thermometer. The pressure gage could be read within
50-psi intervals, the dial indicator within 0.001 inch, and the thermometer
within 10 F. All of the instruments were calibrated prior to each test on an
individual window.

TEST PROCEDURE

Placement of Windows

Prior to placement into the flange, the windows were accurately
measured and subsequently liberally coated with silicone grease. To ;nsure
good sealing, the windows were forced into the flange cavity with 20 to 30
pounds of force and rotated several times in place. The placement and locking
of the end closure, with flange attached, to the vessel completed the prepara-
tion of the vessel for the test. Now the vessel was ready for insertion of the
dial indicator rod into the cylindrical passage between the low-pressure face
of the window and the exterior of the vessel. The position of the dial indi-
cator on the pressure vessel end closure was adjusted until the tip of the dial
indicator rod touched the center of the window's low-pressure face.

The presence of a thick layer of silicone grease trapped between the
bearing surface of the window and the flange caused erroneous displacement
readings when the grease squeezed out during initial hydrostatic loading.
This problem was solved by preloading the window with 1,000-psi hydro-
static pressure for 1 hour, depressurizing it to zero, and readjusting the dial
indicator to read zero displacement. This procedure effectively removed the
excess grease from the window in each test and insured that axial window
displacement readings taken during the long-term loading reflected only the
displacement of the windows and not the squeezing out of grease.

8



follower Wire . top end closure

ube window mounting

weightdisplacemenit
indicator anchor

dial 9Wwindow under test

bottom end closure

Figure 7. Axial window displacement measuring device attached to exterior
of converted 16.inch naval gun shell.



Pressure Loading

The pressurization of windows from 0 psi to the 5,000-psi level
proceeded at a rate of 650 psi/min. Tap water, which was used as the
pressurization medium, was pumped into the vessels by means of a positive
displacement, air-operated pump. Window displacement readings were taken
at every 1,000-psi pressure interval. When thepressure inside the vessel reached
5,000 psi, the vessel was isolated from the pressurization system.

The long-term sustained pressure loading of 5,000 psi was maintained
inside the vessel by means of daily pressure checks. If the pressure inside the
vessel was found to deviate in excess of :100 psi from the specified5,000 psi,
the shutoff valve at the vessel was opened, and the pressure inside the vessel
was raised by pumping in additional water, or lowered by bleeding some water.
The adjusting of pressure, which took place infrequently, was required only
when either excessive window displacement or variation in ambient atmospheric
temperature occurred. Readings of window displacements were taken three
times daily during the duration of sustained long-term loading.

Depressurizatton of windows after the specified time period was
accomplished by bleeding the water from the vessel interior through a par-
tially open valve. Depressurization was conducted at a rate of 650 psi/mir,
the same rate as the pressurization. Axial displacement readings were taken
every 1,000 psi as the pressure was lowered from 5,000 psi to the 0-psi level.

TEST RESULTS

Data generated by the long-term tests at 5,000 psi are presented
below graphically, pictorially, and descriptively to answer the varying needs
of different users.

Graphical Data

The axial displacement of the windows through the window flange
are in graphical form, since graphical presentation has been found to be the
most efficient way of simmarizing the experimental data generated by the
study. Because these data are of interest not only to window designers, but
also to research engineers studying the relationship between the many struc-
tural, physical, and mechanical parameters determining the performance of
hydrospace windows, the same data have been presented graphically in two

different ways.

10



One set of graphs presented for the benefit of researchers is the
summary of all experimental parameters that determined the axial displace-
ment of windows in this study (Figures 8 and 9). Since the objective of these
graphs is to show the interrelationships between the many experimental param-
eters, only average displacement values were plotted, as otherwise the graphs
would become too cluttered, and the message they carry would become lost.

A different set of graphs is presented for the use of the designer who
is not so much interested in the relationship between the experimental variables
as in the reproducibility and reliability of displacement measurements for win-
dows of a given set of dimensions. For this reason, the displacement data have
been also shown (Appendix A) in a series of graphs depicting the ranges of
axial displacements for each group of five windows of a given t/D and of.
After noting the range of displacements for a given t/D ratio and a, the
designer will be in a better position to "predict what magnitude of axial
displacement the window that he has selected for particular application
may experience during sustained hydrostatic loading.

Pictorial Data

The permancnt deformation of windows and magnitude of cracks are
presented in pictorial form, as there are no quantitative means of recording
the permanent effects of sustained loading upon conical acrylic windows
(Figures 10 through 13). Since the permanent effect of sustained loading
on windows is visually best observed on the high-pressure face, low-pressure
face, and conical bearing surface of the window, the photographs focused upon
these areas. Thus one set of photographs shows the plastic deformations and
cracks on the low-pressure faces and conical bearing surfaces of windows, while
the other set shows the permanent deformations in high-pressure faces. To
bring out the permanent deformations of high-pressure faces, a grid pattern
has been optically superimposed on them. At locations where the surface of
the window is not perfectly flat, distortions of the square grid become visible,
the severity of distortion being directly related to the magnitude of deformation.

Descriptive Data

The condition of windows after long-term loading is described in
words, because the evaluation of condition is a matter of judgment that takes
into account everything observable or measurable on the window. Basically,
the assessment of the condition of a window depends on whether a window



of given t/D ratio and included angle has withstood the long-term loadings
sufficiently well to recommend it for operational service under similar
loading conditions.

TEST OBSERVATIQNS

Window Deformation

The conical acrylic windows deformed both viscoelastically and
viscoplastically under sustained hydrostatic pressure. The magnitude of
viscoplastic deformation varied directly with the duration of loading and
temperature, while it varied inversely with the t/D ratio and included conical
angle. The window deformation included (1) a cold-flow crater on its high-
pressure face, (2) a cylindrical extrusion plug at the minor diameter of the
body, and (3) an outward curvature on the low-pressure face (Figures 10
and 11). The depth of the cold-flow crater and length of extrusion plug
were found to be inversely related to the conical angle and t/D ratio, and
directly related to duration of loading and temperature.

The deformation of the windows was in many cases accompanied
by crazing and cracking of the window surfaces. The severity of cracking was
generally directly related to the magnitude of deformation or displacement.
The crazing (or in more severe cases, cracks) appeared first on the conical
bearing surface of the window for 30- and 60-degree conical angles only
(Figure 12). For ot > 90 degrees, the cracks appeared first on the low-
pressure face of the window (Figure 13).

The circumferential cracks at right angle to the bearing surface
(Figure 12) were indicative of shear stresses associated with large-scale dis-
placement of the window. As the t/D ratio of 30- and 60-degree windows
was increased, the number and severity of these cracks decreased until at
t/D = 0.625 for ot = 60 degrees and t/D = 1.000 for a = 30 degrees, they
disappeared completely.

The star-shaped crack on the low-pressure face of windows (Figure
13) was indicative of severe flexure stress at the center of the low-pressure
face for windows with t > 90 degrees and t/D < 0.375. As the t/D ratio of
windows with ae > 90 degrees was increased, the depth of the star-shaped
crack decreased until for windows with t/D > 0.500, it disappeared altogether.
The shear-type cracks were not observed on windows with at > 90 degrees,
even at t/D = 0.375 ratio.

12
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Figure,10. Effect of 5,000psi sustained loading on conical-acrylic windows
with t/D ratio!" 0.375 and 60-, 90-, 120-, and 150-degree included
angles. Note star-shiped cracks in the centers of low-pressure faces
of 90-, 120-, and 150-degree windows.

Figure 11. High-pressure faces of w;ndows shown in Figure 10. Note cold-flow
cratering. Grid on the window faces is a mirror reflection of a grid
with uniform squares.

Window Displacement

All windows experienced axial displacement through the flange
opening. Since the axial displacement at any time is the sum of elastic,
viscoelastic, and viscoplastic deformations, it is not known how much of
the axial displacement (Table 3) at any time was due to elastic deformation
and how much due to plastic deformation. The magnitude of axial displace-
ment was directly related to duration of loading and inversely related to t/D
ratio and conical angle (Figures 8 and 9). It is known from previous test pro-
grams that the magnitude of axial displacement is also directly related to (1)
ambient temperature, (2) the hydrostatic pressure level, and (3) diameter of
the window D.

Although the magnitude of axial displacement under 5,000-psi
sustained loading decreased as the t/D ratio of the windows was increased,
a minimum was reached beyond which no further significant decrease in
displacement was achieved by further increases in t/D ratios. The t/D ratios
at which the displacements remained relatively constant under 5,000-psi
sustained loading varied with the conical angle. These t/D ratios were
>1.000, 1.000, 0.750, 0.750, and 0.625 for 30-, 60-, 90-, 120-, and
150-degree conical angles, respectively.

15



etuin plug",

Figure 12. Shear-type crazing found on conical bearing surface of 30odegree
acrylic windows with t/D ratio = 0.375 after sustained loading at
5,000 psi for 1,000 hours.

Figure 13. Flexure-type star-shaped crack found in center of low-pressure face
on 90.degree conical window with t/D ratio= 0.375 after sustained
loading at 5,000 psi for 1,000 hours.
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Table 3. Average Displacement of Conical Acrylic Windows Measured
After 1-, 10-. 100-, 500-, and 1,000-Hour Intervals During
Sustained Loading at 5,000 Psi

Thickness- Included Average Displacement (in.)
to-Minor- Conical After-
Diameter Angle, 1

Ratio, a 1 10 100 500 1.000
t/D (deg) Hour Hours Hours Hours Hours

30 0.345 - - - -

60 0.036 0.042 0.048 0.062 0.072
0.375 90 0.028 0.032 0.040 0.044 0.047

120 0.026 0.029 0.034 0.039 0.041
150 0.026 0.029 0.036 0.041 0.044

30 0.074 0.086 0.100 0.106 0.112
60 0.025 0.028 0.030 0.031 0.032

0.500 90 0.024 0.025 0.027 0.028 0.030
120 0.020 0.U21 0.024 0.025 0.028
150 0.023 0.024 0.026 . 0.027 0.028

30 0.054 0.056 0.058 0.058 u.059
60 0,024 0.025 0.027 0.028 0.029

0.625 90 0.023 0.024 0,026 0.027 0.028
120 0.021 0.021 0.023 0.024 0.025

150 0.015 0.016 0.017 0.018 0.019

30 0.042 0.046 0.048 0.049 0.050
60 0.022 0.023 0.023 0.024 0.025

0.750 90 0.020 0.021 0.022 0.023 0.023
120 0.016 0.016 0.018 0.018 0.019
150 0.017 0.018 0.019 0.020 0.021

30 0.040 0.040 0.041 0.041 0.042
60 0.020 0.021 0.021 0.022 0.023

1.000 90 0.023 0.023 0.024 0,024 0.024
120 0.014 0.015 0.016 0,017 0.017

150 0.018 0.019 0.020 0.021 0.022

17
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FINDINGS

1, The axial dispi,.cement of the conical acrylic window through the flange
opening, the o6efor. hton of the high- and low-pressure faces, and the severity
of surface cracks ,re direct functions of time under sustained 5,000,psi hydro.
static loading and inverse functions ot t/D ratio and included conical angle.

2. Cracking was observed only on the conical bearing surface of windows
with a < 60 degrees, while star-shaped cracks in the center of the window's
low-pressure face were seen only on windows with ox 90 degrees.

3. No cracks were observed after a single sustained loading of 1,000 hours
at 5,000 psi in windows with adequately large t/D ratios. These ratios were
>.1.000, 0625, 0.500, 0.500, and 0.500 for 30-, 60-, 90-, 120-, and 150-degree
included angles, respectively,

4. No further decrease in axial displacement was achieved by the selection
of windows with t/D ratios larger than >1.000, 1,000, 0.750, 0.750, 0.625.
for 30-, 60-, 90-, 120-, and 150-degree included angles, respectively.

5. The minimum axial displacements after 1,000-hour sustained loading at
5,000 psi that could be achieved by increasing the t/D of windows with
D = 1.000 inch were- 0.042, 0.023, 0.023, 0.019, and 0.019 inch for 30-,
60-, 90-, 120-, and 150-degree included angles, respectively.

CONCLUSIONS

Conical acrylic windows are suitable for applications under long-term
sustained hydrostatic loading of 5,000 psi providing the proper t/D ratio for
a given conical angle is chosen. Only windows with a e 60 degrees and
t/D > 0.625, or ay > 90 degrees and t/D > 0.500 will provide safe and crack-
free service for sustained loading of 1,000 hours duration where maximum
operational pressure is 5,000 psi.

RECOMMENDATIONS

For the design and fabrication of conical acrylic windows under
long-term hydrostatic loading of 5,000 psi, detailed information and speci-
fications contained in Appendixes A and B should be taken into consideration.
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Appendix A

DISPLACEMENT OF CONICAL ACRYLIC WINDOWS
UNDER SUSTAINED HYDROSTATIC

LOADING AT 5,000 PSI

Each of the conical acrylic windows subjected to sustained 5,000-psi
hydrostatic loading experienced axial displacement through the. flange opening.
There were three distinct phases in the axial displacement of each window. The
first phase took place when the pressure was raised at a 650-psi/minute rate
from 0 to 5,000 psi. The second phase was relatively rapid axial displacement
of the window through the flange immediately after the 5,000-psi sustained
pressure loading was reached. The second phase lasted for approximately 12
to 24 hours. The third phase of axial displacement was the relatively slow
axial displacement of the window during the remaining duration of sustained
pressure loading at 5,000 psi. To emphasize and delineate the three distinct
phases of axial displacement, two different scales were used for plotting the
displacements. Log-log scales with 0.001-inch displacement and 1-minute
time units were selected to show the rapid rate of displacement of the win-
dows during phases 1 and 2. Linear scales with 0.002-inch displacement and
1-day time units were chosen to show the slow rate of displacement during
phase 3. To permit rapid visual comparison of the two different displacement
phases, they are grouped together in Figures A-1 through A-5 for each different
window configuration.

When one observes the graphs depicting phases 1, 2, and 3, one
immediately notes that the relationship between time and magnitude of
axial displacement is not shown graphically by a narrow line but by a wide
band whose width and shape varies from one figure to another. There are
several reasons.

1. Each curve represents the range of displacements shown by a group of
five window specimens which were not of identical dimensions, but varied
by the magnitude of dimensional machining tolerances.

2. All of the five windows comprising a single t/D ratio group for a given
angle were not tested in the same flange, but in several flanges that differed
from each other by the magnitude of dimensional machining tolerances and

surface finish.

3. All five windows in a group were not tested at an identical temperature.
rhe average temperature varied several degrees from one long-term test to
another.
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4. All of the five windows were-not machined from the same piece of

material, or for that matter at the same machining rate.

There are several general observations that can be made about the

scatter of recorded displacement data. First, the width of the plotted dis-

placement range appears to be in a large measure a function of absolute

displacement magnitude; (that is, at small displacements the range is narrow,

while for large displacements the range is large). Second, displacements of

windows that are accompanied by extensive cracking and fracturing of the

acrylic material vary more from one specimen in the-same group to another

than the displacements of windows not accompanied by extensive cracking.

This phenomenon in all probability is caused by the randomness of crack

initiation and propagation, as compared to the nonrandomness of typical

stress-strain behavior of material before cracking.

For some t/D ratio groups (Figure A-la) there are no graphs depicting

phase 3 of window displacement because all of the windows in that group

failed prior to the termination of the 1,000-hour tests.

When the data contained in Figures A-1 through A-5 are used for

design of operational windows, the upper boundary of displacement ranges

should be utilized. It represents a conservative approach to sizing of window

flange cavities for containment of windows during their displacement under

sustained hydrostatic pressure of 5,000 psi. For design of windows that will

be used at a sustained pressure of less than 5,000 psi, the lower boundary of

the displacement range should be utilized, as otherwise the design of flange

cavity becomes too conservative.
Since the axial displacements shown in Figures A-1 through A-5 have

been experimentally generated by testing of model scale windows with 1-inch

minor diameter, the data can be applied directly without any modification

only to prediction of displacements for windows with D = 1.000 inch. The

displacements of windows with diameters larger than 1.000 inch can be pre-

dicted also, but the displacements shown in Figures A-1 through A-5 have to

be modified by a linear scaling factor which is a function of D. Thus, for

example, the displacements of 90-degree windows with t/D = 0.500 and

D = 6.000 inch will be larger by a factor of six than those shown in Figure

A-3b for 90-degree windows with t/D = 0.500 and D = 1.000 inch. The

validity of the linear scaling factor for prediction of axial displacement of

windows under short-term and long-term hydrostatic loadings has been

experimentally proved in previous studies.1,4,5

20



91sistwoned ethAvry 1111" m lilefiis: W Typ I ste,

La,. Co*"St 5,06, so, Thisks.

MSliM 14:41I~

--t

Note: Day scale not present as ILI~

window blew out.

~~~~~~~~~~~1.000 hSA071 ,0 hcns .8 n
temperatume 70.3 IF

at -00 psim. --- a65-Opml

0100 ''' '

SOOOodsaff PresuriDSml,

t1 10 100 1,000 1si0Res
Time os (me) iTimc(mT)

5,000-psi sustained0pressu ssre lodig 30dge mincldd500piss.ndpesr odn;3-

anl with t/ ra I I 0.35. a1l wit 1/ rati 00.500



9160409dof2el d" smles u IKag ?,uI 3.t~rll pletillas sto uh 411"uett MIW Wshl .,.
Temdniee LOS.1Fr 111dilunyte fav r: Lst In. ii uertengu-Tn w dol h6l...

t m911

11n .i CI to " ils,1114

jas __1! Coa 5,01 ps -rl.sle L2W
ik. Frill-

_r~ z

LIS0L06

liL14
as pi 26Lit0~4

Sm.

Leos usw

---- ~ -- - --

ResissIs 
IcI I

toItr 70.3ur IF mlii.atw -18I

100 1,000

-d~~~ angle wit 1/ rai 0 s500 l anl wihataio 06

Resill ot To0 0.21



sti W i ?1 100"11108 eflalglass *t l *sif:W Tp;.,tvw rns~et agm Udui.gTw.N,4WI~~W f *'iftlit': 71.1-F Nesat.,: 1.99 a.

-E1

ciss 94.(dp

~-11W

I!" PH~i H: f -

(mI) Tim (m

zzii0O anl ih aio065

12



C 3 9 ~g V e wm ~ g .. a t " : . S , P H ~ 1 1 U g hp e l : P l.1 g i I MIp ) . t a n ~ i sa e .
I S dvegIf &asaq~g g, t ef6S I* 164 : LS ~ d t.tf'~~&~ W N Tua~

6.1 &

1 -U

*N 7 Vas(d

10 100100 &.01100

11mg (mm)Time (mm

Figue A-d. isplcemnt o coicalacrlic lastc wndow uner Fgur A-i. Dsplaemet f oni
0001 0 pi sutie Prssr qodn;3-ereicue , -s utie r

anglewitht/D atio .750 ange wit t0.rati



Ind let:i me n 0 16:vslk

CIM 11"is MONVO: I. e (s s o bs)le .1

a i

Sh~

Time (do)

anglewith /D rt 1.000.

at w22



PISOaeeOMeeefe 19e eMM feeetle: "tji "I "I"II:: 1SM I a *SIPI~a ofrklw jWeuctO 1100*e: DOL TNj: 6.9

"or~~~~~~Udeie.w too-Twotl ftieeeiate ftT."to:.1v IOoeo:114 8 1petemt 1.15

CIO leew Pieeeets: CM W TMA~eos: 1.3'111 CW 9"" ~ Ptt3ef 1MtRE

Ii - Str 1

"-- .:l ~ ::.S -.

mr_-rt7 t 4fig

_U-I .: i: _:t. -.- T

12~~,S M9 VM M n

1-m-

WEm (dms Time (Mej9

Lisur rise0100 ~~~~~~ ~ ~ 1 atS-74slmt 0.0 6 W70.I.l

=31W

10.01 11 at. ...ops

&001. 10 1O(ut _U4T I

Tim (daysTime (da)

a lethi" 0./D raIon . a cn ent / a 0. 500.In

L77



sMP elt 1 1.113

It_ r a-le"e of_ A..I V;# 
.0 ILCOee

e k o e f o4 1 .0 8 0 0 
P a M O f

- l: 
t.L"-ff itpIPoo 

M1.1 _1L S

O:: 'T5 t M

UJ"a,

Se U U i n!;

B) 
M,

1.000 E n~u100 theli 11~l.3
tvrsl 'Stuol 72.1 "

C00 at u-70OPl0Mm piSatuils

amta PI"tJWe:

0.000107

1000 .00110
100 1,000 110 100 Time(001

Time (mift) me 1
ime

:rylic plastic windows under F~gure A-2b. Displacement of conical acrylic plastic Windows under Figure A.2c. Displacement of con,

re loading: 6-dogree included 5,00O-psi sustained pressure loading; 60-degree included ;5,OOO.psi sustained p ,eto o
5.angle with tID ratio = 0.500. angle with 110 ratiO- ut ainer

t1D ratio

23



off I 1 8: ML live I ..vfealt "somn 6 of Ehkvkle IS ~ ga Lp a~iiP~
"I 10.51tono,, 1O04 34..t ood Lo~t q70to OfftottI.'.., UtIf: * F Im 106681

* H MI r6~ N ~ 4 5 i 5 4

riis

M0 1401i00
time (iit~)Time M)

ofcnclarHc lsiidw unde Fiur _;2c DipaeetoMonclarlcpasi5idw neaind resue oadng 6dere inluedsoojI sstind resur ladng 6'dere iclde
rato oso, agl wtht/Draio 0.25

09' N
I a 41 46 0 U 10 is of 203 J 4 0 8 7

To -do 1-6 (days)~



*ISlolseoU of SVIII~t W1*Jews iWast: NOL Type I Noarial: Plulgl.. eth~~.. t~~e~g,
U9 2 t L e C a nM N p tCas s e P1se g e t t p m n tF i : 5 , 0 6 p a l T m a t .: .1 s 6 1M . V a i i L o s e -T w o I l ~ t a i r ~ a T g u0 t ra t o

3 6.26-- - CM Cae N~

li 110F- -"--

- *; '=TS

T10

U--si

-z izil

HI ti. -L

1 s 4: 410 1H0 10 1

Tie me)

anglerituDrat 1 .750. angl thikes 0./D raIn'0



~IxDIaaSISplConsat of U111i9 10iadoe 1690mtil: DOL Type I vatepiaI: Ploziglas I
I eIn godor L0~4 t Tor n111-Otstl, P#$Ssvre T~npemA~rs: 71.1,r Diameter: 1.s~ s

IL16
15 U0 5 5 15 16 2 30 5 4 45 6 55 51 6 76 5 I

Ms. di.

H.0 tcKns0.7i.

010 rs1r rs

10t 100i 1,000
q~Tim (mm)a

under~ ~ ~ ~~~~~~S Fiur A-e iplcmn f nclaryi scwidw ne
cluded ,000*p sustaied presure loaing 6Egrelnlue

anlSiAN/ aio 100

M_24



W r Long-Term Uydrestatle Prestora Temperature: 731 Diaeter: 1.11116 DOW osI p Tau t ~f 21 "a ri ll to., Temerte?$: iS8 311'

CI3CPressure: 3,006 psi Thickle s: 9.11..~t Cet Prissy?$ 5,30 Ps

6.21

H1 11 6 i I S46 4 :E .. pj ~S 5 1 I 3 2 5 5 4 4 0 5

TIFFI. (iSpE)!
aiml T" ia

all ~ t5~. &.37 In. =i140D thuws 1.49 in.
teprallB91 0

0 -00 --- --- 010Iru.rs
at0.61~pl~i

M RH
.- *._ *-L-! 00 1 -

Time (dy) Time (y)

angles it .3D7ato5107. agethtIDs ratio .500



I. * iI , ,m B ~ * f t'i1 4 1N e g a t i n g:* s e T y p e d I a e r i a : I
p~~. ~~iplaose t of W I ioes #1 t sIe t li Tps I 16tsritl 140111166 4i~tB4t UJII.If~glTueae. i 'r Sae.

TyP.! I a Wadr Los -e ,, Uyd.tatt c Pnq,e,n Tmprture yg. Diaetr 1,09M CM CCCIIs :561P1 hlsa

666 T 11. 

P13M3r 

Cos6" Ppalrp 
Tb.4aii, 

ps 
Isass 

Sa A 6.22

.114

21Lit
-T 

-1- -11UD

0.12 .... : z-. is --- 7A
tz~ 

, j- -;

_T6
4Li j= i t

SS 3:!S

6oil rw !' i6+I

MIN if 1 8 2' 31 31 48 41 58 35 64 13

0 1 16 19 2 26 14 S 49 4S 5 55 so i 73 tolime (days)
Time (dell)

1.000 thickness 0.499 in. 1.0 tike 0.1 jtemeraur 71.8 69.O

000 pressure rise L L
0300 pres0re00s at 650-700 11ni

I ~ ~ ~ ~ ~ ~ 00 pressune prsuerise0cntatpesue_

Isu2 0.1 001 at 5,000 psi

010 - 10 100 1,000 0 10 10 100
00 )0Time (mn Time (min)

lastic ws under Figure A-3b. Displacement of conical acrylic plastic windows under Figure A-3c. Displacement of conical acrylic plastic wind

angle-einlue w,0pi tsusaio prssr 0 odig.500.e icu 5,000.psi sustained pressure loading; 90-deg

ing; ~ ~ ~ agl 90weicue pit sustai prssr lodig;95dgreinlue angle with t/D ratio 0.625.

25



lit: P I~s~ Ctye Dtiflal: Piglas I OA~kfim"
i'I T~sp,,Fivre: 11.51 9Slime?. 1.063IN blotf 1.a-Tffm Nyd ttit tsr p,,t I'i ,POiP4114proessore: 1.61 al Thbckoaus: 0.435 M. Om C.. 11"GPlr. rl ~ a e: .oge IN.

Iii

- 1ZE ggjEE::

I z Vi-I i

K I - -f x~4 ju I,-.. .,.

too .. T... iff

OU z T

i' L i ...

1, 10,1000 1 10 100 1,000

0,500.fesm is

anglea witht/Drato 0625

at po W mol cnstant P0,010 ess2r



1111poemo.g of &*I* onidjgg jow.a le: M Type.I atiraI: FIIIO o611 las.omet Of WyieTilide al

d iMlTW yEsitite ?ymn.Teet ts: VIF Ilemntec: 1.666 In. 9@4W Long-TWO 11fitt*SIt1IS~tkip Toepn

C gm P1 ,,ssro: 5,666 PSI ThhMONSI: 6.756 is. ONE Cont, 5 1

all 6.23

611M -0.

U41 &1

06

2 -- - -

1~~~~ 16 is11$260 64 5 o sT sI 26 2I16 4 U49

1.000 thicknorog 0.7501li. 1.000 tticknM 0.956 In.
tAin~ew 71.0 0F

0u00 p*r ri M00 MM i

0001

110 100 1,000 1000
Time (min) Time (ml

Figure A-3d. Displacement of conical acrylic plastic windows under Figure A-3e. Displacement of conical,
5,000-psi sustained pressure loading; §0-degree included 5,000-psi sustained presfe

angle with t/D ratio =0.750. angle with tID ratioz 11



h'ishavs 1 3.141 - A g 
1
1 441111 : 11, 41 s Tioiess: 0.156 Ia.

IL1

~. . .

i~* t~ p.

II.Time (days)

T- to I wo 7,0.5I.

i LL

1-,

At

,00 .01 10000100 1010100
01i ime (min)

cal 'ows under Figure A-3e. Displacement of conical acrylic plastic windows under

resree included 5,000ps; sustained pressure loading; 90-degree included

I ~angle with t/D ratio it 1 .000.

26



fsAWY091111 .119 I Moost *.s 11411. Tis I materiI lal eiss$ 1111plasos..e rJ ~t W WS..4. ases.le: 9K Typo I

a 84 ,ssure: 11.11 e T11416 Tk It:5 8.12 IN: Mi C.. 5tS et ,006 P11. tila
0.2&2t raster#

__ 111

al 6z. Tz

U7U4

-I. 0da14 .. (d.a.y.)

LISI
2. L-i' -TIii z Z

J I IT SE7-Zfl
S110 U 64 6 111U7 s 100i 1,00 0.0011 10 10 111,

Ties (ay) Tie (da)

alpeihIratio 70. 75 angl t tDratio 0. OF 0.

1, 

375,



enlist: 1,11 Type Ii valhlil 1I166AS I 119laif44 SfA"g 'l one 1wfenliag INK Typue I bl8 GAMM: "Wll II of... beioi ~ed"S~ 1
ii.-i: 5,804 psi lhilkasite 8.31211.3X to Pessue 11ee pisi 81ii*, 34=426IJ U161

Tz"-. 00 to" lt Ph~

Wr-~i{ * -

- .... ... ± Z...1

it 6.1
5:15 t1:- q.

Z-ZUU

z M1

rs Ij :t.

4144

1- 10~~mi)U Tim (m)Fi e

a c y l c l a t i w n d w s u n e rF i u e - 4 . i s l a e m n t o f c o i c l a c y l c l a t i w n d w s u n e rF g u e . 4 , i s l a e m n t o f c o i

27 2



~ttP~gl~~t~6 651 ISas. ~lWorfLons-TOM 091ftstt4I Phw.., I "tlet, t Tito* I etgar F115

SO Si 9"4 Dimeer Th.661i is.5

H -

Ff~~~ ~ ~ ~ -:1 ZI:-S.-S

KEEr: :f

4" r-T V

-a-- -1

zai 70.2 0

r VI IH

-f +H fii -t _ _ _ _ _

lime (dy) Time (y)

,autied rsuelaig 200dgre inlue 5,00.pisusted presur lodn;1-ereicue

,11 rati 0.00 anl wit tIaio 065

murs ise OO prssur ris

650-70OPS~in AtU270OW



v~slessst SAvjri II.q, x.S5ist: W Type I vallie : 110" Ei6tI 5 1 Iestiaio g P Pmk ~ afederstll.Timefrdrstiltilhssi j*M.p~fttu : 19SSI Mss.. : 11.111101101 TIMPara

all, L 1.14
-1i T_ *-

*~~~~T -,1 ... SN- ---- *u -- :

0.181
.1 6.12 ME~ ii~ S:E__ -1

*~~ SSE-ii4 .ii~~u

..I ZTT .. IRS 11
11 2 5 z5 i

Mt I:-ulmis~

&8 - t5O

10 100 1,000z I O i 10

im e ll) im

,000pssutndprsuelaig 1~n 20.dgre innud. 1.00~ sI sutane Ar~
a ngwit at io 0.74 50. anlewtht. io 1



Advk ifstlt H TpeI &sa . PIII£

... Hf p-.

j7- 4 7r

3 X is s 4 36 4445If8

h AL

I~ fill~~
4. i M

SM OLI

-- IL

Ti me (rd n)

Figure A.4e. 0r,.acement of conical acrylic plastic windows under

5,i(q)P.si sustained pressure loading; 12O-degree included
angle with tID ratio 1.000.

28



{ 1 IlpwMei of W II I"dw .a~e:OLTp e~~I P16ui1166 I li$PACIU4§ of Aulc IS4490 .ufm~

bef~e-TffS aldstatle = 1e~g~ Te:?*.S.: "10@.VF 31auet: 1.111 on. Isdatesit, -lt jds@,e ftit.; r~,e 19OP~rteV: OIL T104 I
COli ass Poms , .30 psl TIesess: 8.31311. Pnestors: 7.1

~~..~ &22fii; CM coo $' ,M1 PSI

Jj4: - fl- ti z a
Ini I TIT1irz

~~~~~~ V.,~ : ~ 4__ .

ii_ F4W1
10 11# 1i 21 1.1 ZU !;U 41 i

tefpeatir 71.3A 0F -~ .I

7roi - TIz
Iat 5,000 i it i 41 i -- tm

T=m 100~ 1,0000IT0 0
RitTim (mm)U_1

Fiue .a Dslceetofcnia crlcplsi wnos nerFgreA5. ipacmnto onclac lM ls
in0-s utie rsueladn;10dge nldd500-s utie rsuelaig

angle wit z/ ai .7.agewt / ai .0



matril ~.~gIa Szpagu~a ~*,atat:af Tpe£ materilah P101111101 I 91splagoosst otleniC~1134 , 1141111j get Ty.

F iameter: 1.161. Nader Lsot.T*PU Ilyhestatit r's o' xegperatr 71W. Ie tr .61.Vdreg t wo eppaee 1.
I pal Ilekamise . I s ONE too his..." i5.li psi Thlekoesa 1.51 It.

to- go D22fe vra..s

:sit
a in-ttl ~; L0.211n

- .2 - -jr:~t; ___

*1

4.T _

U 6 11Tn (ea z~4

1.000~-- t--c--s 0.50 in-T0 tkns 68I
tairtle7 0  

______~ eratwe 7r

0101 &14-0pI~i 10 prsuers
8.1400~fil S5l~trs

Z~r -- z ---- p---mi

4
Tim (mm Tim (mf)l1

-Tim
lstcwnwUNdrigrA-bDipaeetocoiaacliplsiwndwuneFiueAc.Dslcmnofoialcrling 15-ereicue ,0-s ssandpesr odn;10-ereicu" ,3-s utandpesr tcmn fc

angle ~ ~ ~ ~ ~ ~ ~ ~~ r- wihtDrto-0Tanl ihtDrto0.2 -s utie

0.09



pull I 1e1 lot Type 1 1starial: 11101itss a lispissesst 1 ~~tUeeg Mwza: S J4 ~ ta ~eae
19 edottest-le$a TimmtI~ OILq~ Typoat~e 7 1 112114081 i *gg ins~ j,.pnsten: 7l.2.* SlIs.ZO?. 106616

01 SSt~ 2.016 psi lblzhsells: 6.616 1ff. aetr 1.8in

6

zz .. - -! S IS -. 1--

S-F: Zj-

~ : ~ "

jJ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

tie~

ris z i If -

at.11 5,--s 1::

10:r 10 ,0 .0.41 0 ,0Sin (m)TieVmn

ofcnca cylcpati idosudr Fu re A7cipaeetofcnclarlcplsi idw nesTaiedrssuelaig 5.ereicu"d5O0s utie rsuelaig 5.ereicuez= rati 0.500 A nlwiht rio 025

t29



1S5012coment 4* AC.111C 1112dos xlatlat: lot Type I 112torIa P161l8lAS I jilIS~lig et 0Af061h1aE&,,
0.43r Long-Term Hyd"natatl Ptll 1vjg Tontlu@: 71.21 1160.19r: S.O.S to. Under mu .TWN OYdf.:tttIgsie Toii

OD.U Coto$ proosgra: 5,000 pal Thlokoess: 1.742 14. CME Con

U1 ---

fz-= M0.16
LIS4

LI IS4

.- ~ -SSE0-

ifl. ir ~ .

1.000 tE~nS 114 sin

Lris

0.1 - 0t5.00pI2~ 0.1

10 100 1,00 0.0
Te ms 1da10

Fiue -d.Dspemet o7 conca ac8i plati widw une iue e ipaeme of. 1ol

5100-ps utie suelaig 5-ereicue SOO-ps utie
anlewth t/rati e .5.agewihtDrto



,I~pa,.U~t fA~fls lidw *tial 118L Type I Natili: pIOXIIas a
*.dLg TF~EyNSZtI P111?.T6u,rtza: 71.7-F M1111iter: .1.0 .

CM casPPSiS 584Pi 19als .9

L12 =Zia

M1-

.~i~iijL 10

risei

Cu W

Lg
itto~r MID anl wt tDrai

?In

1.00 thiknes 0.95 30

tempvatue 720 'I



Appendix B

DESIGN OF WINDOW AND FLANGE SYSTEMS FOR
LONG-TERM LOADING AT 5,000 PSI

INTRODUCTION

When the data generated in this study are to be applied to the design
of windows for deep-submergence systems, several design and operational
parameters must be irefully evaluated. The most important operational
parameter that must be considered is the type of pressure loading to which
the pressure-resistant structures with windows will be subjected. For ease
of discussion, hydrostatic pressure loadings can be classified into four general
categories: (1) static short-term, (2) sustained long-term, (3) cyclical, and
(4) dynamic.

The short-term static pressure loading has been defined as a
continuous pressure rise at some arbitrarily set pressure rise rate until a
predetermined pressure is reached; at this point, the pressure is released at

the same rate. The pressure rise rate selected for NCEL window studies1"3

was 650 psi/min.
Long-term sustained pressure loading is defined here as raising the

pressure at some set rate to a predetermined pressure level and holding it
there for the duration of the mission. Depending on the duration of the
constant pressure aoplication, the long-term pressure loading is further
defined by the number of hours or days that it is maintained on the win-
dow.

Cyclical pressure loading is defined as varying the pressure between
arbitrary maximum and minimum pressure levels, with the period of pressure
fluctuation being either constant or variable.

Dynamic pressure loading depends for its definition on the arbitrary
dividing line between short-term static and dynamic pressure rise rate, which
for windows used in submersibles probably can be placed at 5,000 psi/min.
The dynamic pressure application may be short-term if applied once, or
cyclical if applied repeatedly.
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WINDOWS

Selection of t/D Ratios

The data that have been generated in this study are directly applicable
only to design of truncated cone acrylic windows under short-term or long-
term loading at 5,000 psi, since the test specimens in this study underwent
short-term pressurization at the rate of 650 psi/min followed by long-term
steady pressure loading at 5,000 psi. On the basis of these data, a guideline
can be suggested for the benefit of the engineer designing acrylic hydrospace
windows of truncated cone shape for a one-time, long-term pressurization to
5,000 psi in the 320 F-to-75°F temperature range.

Design Guideline 1. For applications in which the truncated cone acrylic
windows serve as high-grade optical lenses for manned submersibles under a single sus-
tained pressure loading of 5,000 psi in the 320F-to-75°F temperature range, the following
minimum window dimensions are recommended

Flange Included Conical t/D Ratio for Sustained Loading Period of-
Angle (deg) 1 Hour i00 Hours 1,000Hours 100,000 Hours

30 0.750 1.000 1.000 1.250
60 0.500 0.625 0.625 0.750

(See Design 90 0.375 0.500 0.500 0.625
120 0.375 0.500 0.500 0.625

150 0.375 0.500 0.500 0.625

The t/D ratios acceptable for optical applications of truncated cone
acrylic windows have been selected after a thorough consideration of three
parameters of importance in operational window performance: (1) magnitude
of axial displacement during the long-term pressure loading, (2) deformation
of high- and of low-pressure faces, and (3) magnitude of penetration and
location of cracks on the conical surface during the sustained loading. Since
it is virtually impossible, regardless of t/D ratio and angle chosen, to completely
eliminate time-dependent cold flow of the acrylic plastic at 5,000-psi hydro-
static pressure, an engineering judgment was made on what constitutes the
minimum acceptable performan, -of the acrylic window from the optical
and safety viewpoints.

A window is considered to be safe for manned operation if during a
single sustained pressure loading of 5,000 psi in the 320 F-to-75°F range for
the specified maximum duration no cracks or crazing were present on the
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high- and low-pressure faces or the conical bearing surface. Total axial
displacement in the range of 0.02D to 0.05D at the end of the specified
period of loading presents no operational difficulties for the observer. The
window is optically acceptable if it causes no distortion-of viewed objects in
hydrospace for an observer whose eyes are within 10 inches of the low-
pressure face.

Applicability of Data to Other Loading Conditions

As previously mentioned, the experimental data generated in this
study are applicable with reasonable extrapolation only to a single short- or
long-term static pressure loading at 5,000 psi. However, since very few data
are now available for the design of windows subjected to long-term loading
at pressures other than those used in this study, some designers may be
tempted to base their selections of -window proportions on the data from
this study. This is not recommended. The factors for adjusting t/D ratios
from this study for other pressure levels have not yet been developed. Studies,
however, have been completed that provide this information for 20,000-psi 4

and 10,000-psi5 applications.
It is recommended as operationally desirable that the minimum t/D

ratios acceptable for 5,000.psi long-term pressure loading also be used for
pressures in the 0-to-5,000-psi range. This change in long-term operational
static pressure magnitude will make it possible to proof-test such windows
to 5,000 psi without damaging them.

The experimental data of this report should not be used for the direct
selection of window proportions for app!ications where the window is subjec-
ted to cyclic short-term or long-term pressurizations. Caution is advised here
because the relationship between the effect of cyclic and long-term loading
conditions on the initiation of fractures in acrylic windows is not known.
However, because cyclic pressurization data for windows operating at 5,000
psi are either nonexistent or very scarce, designers may also be tempted to
use long-term pressure loading data contained in this report for the design of
windows for cyclic pressure service. Designers who do this are advised that
the window proportions recommended for 100,000-hour sustained loading
at 5,000 psi will probably perform quite satisfactory at 5,000-psi cyclic
loading so long as the maximum duration of the pressure cycle is less than
100 hours. If window proportions are selected for cyclic service on this
basis, evaluation of the prototype full-scale window under simulated opera-
tional conditions is recommended. For applications at 5,000-psi hydrostatic
loading where the ambient temperature is in excess of 80°F but less than
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120 0 F, the tID and D/Df ratios* should be chosen on the basis of
recommendations published previously for 10,000-psi service.4 Where
the ambient temperature exceeds 120OF but is less than 150 0 F, the t/D

and D/Df ratios should be chosen on the basis of recommendations published

previously for 20,000-psi service.5

Window Fabrication

Since the windows rely on intimate contact with the conical flange

cavity surface for their high-pressure sealing as well as for their restraint against
axial displacement, an accurate fit with that cavity is of great importance. For
this reason the maximum allowable machining tolerances on the window must
not exceed ±0.005 inch on the minor diameter, 0.010 inch in thickness, and
±15 minutes of included conical angle.

The windows are fabricated by machining acrylic stock having the
mechanical and physical properties of Plexiglas G plate. Commercially avail-
able 4-inch-thick plate, a custom cast block, or a block made up by bonding
of several standard acrylic plates can serve as machining stock. In the case of
custom cast or bonded blocks, the end product must have the same mechanical
and physical properties as a monolithic, commercially available 4-inch-thick
Plexiglas G plate. It is particularly important that the tensile strength of the
bonds in the bonded acrylic block be equal to or approach (6,000 psi minimum)
that of the parent material (Table 2),

Regardless of the machining stock used, the window should be
annealed twice during its fabrication: once after rough machining when its
within approximately 0.125 inch of finished dimensions, and a second time
when it has been machined to its final dimensions and the surfaces have been
polished. Without annealing, the conical bearing surfaces of the window will

craze and crack sooner under operational service.
The finish of the conical bearing surface of the window should be at

least 63 rms followed by polishing. If the surface finish is rougher, crazing

and cracking of the conical bearing surface could initiate sooner under oper-
ational service.

Proof-Testing of Windows

When the experimental data contained in this report are used for the

design of windows, care must be taken not to damage the windows with
excessive overpressure proof-testing. The basic ground rule for windows

* D/Df ratio is the ratio of the minor diameter Gf the window to the minor diameter of
the flange cavity.
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selected on the basis of long-term te5ts is that they should never be subjected
to pressures in excess of those used to generate the basic data, regardless whether
this occurs during the operatio:a life of the window or during the proof-test
that precedes it. Because of this, if the operational service of the windovs is
to be at 5,000-psi, the proof pressure preceding the operational use of the win-
dows must only be equal to operational pressure. If for some reason the proof
pressure mu.,i be in excess of operational pressure, then accordingly either (1)
the operational pressure rating must be reduced below the 5,000-psi pressure
level, or (2) the t/D and D/Df ratios of windows must be chosen on the basis
of recommendations published previously 4 for windows operating at 10,000
psi.

Since the proof-test to 5,000 psi prior to placement of the window in
actual service constitutes a loading cycle, it is important to make it as brief as
possible so that it does not stbstantially reduce the rated long-term life of the
window in subsequent operation under service conditions. Unless there are
some special reasons for it, the duration of the proof-test should not exceed
1 hour.

Ideally, proof-testing of each window slated for long-term service
operation at 5,000 psi should not take place at all, as it has a negative infiu-
ence on the long-term life of the window. Instead of proof-testing each
window, it is more advantageous to rely on quality control in the procure-
ment of acrylic stock and in machining, annealing, and bonding of the window.
When this quality control in fabrication is augmented by the testing under
simulated service conditions of a window selected at random from the same
group of windows on the production line, very reliable windows for long-term
loading can be obtained. In this manner even though one window is sacrificed
to nondestructive and possibly to destructive proof-testing, the remaining
windows from the same production batch retain all of their potential pressure-
resisting capability for actual service.

If the proof-testing of operational windows to 5,000 psi is a firm
requirement for certification, the t/D ratio of windows for sustained service
at 5,000 psi should be based on design guideline 1 for 100,000 hours sustained
loading duration.

FLANGES

Configurations

Although all the experimental data of this study have been generated
in the DOL 1 flange and window configuration (Figure B-i), a minor modifi-
cation of this configuration is recommended for full-size hydrospace windows
to give the user an added margin of safety for windows whose proportions have
been selected on the basis of this study.
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D = minor window diameter
Df - minor diameter of the flange cavity

'/Z

I, ///.

Note: k D

1. D = Df for all t/D ratios and conical angles 10r1

2. £ 2 x displacement of window during the sustained
pressure loading for specified period of time

Figure B-1. Characteristics of DOL I flange and window assembly (used in
the current study).

The recommended modification to the DOL 1 flange and window
configuration consists of locating the window's low-pressure face farther
away from the cylindrical passage in the flange to provide not only radial
but axial restraints for the extruding portion of the window. Such a flange
and window configuration, designated as DOL 5 flange (Figure B-2), should
permit the windows to extrude somewhat less than the windows described
in this study and thus give the designer an extra margin of safety arid improved
optical performance.

In order to minimize the displacement of the window under sustained
operational pressure, as well as to provide a necessary margin of safety for
overpressures to which the windows may be accidentally or intentionally
(as in proof-testing) exposed, the engineer must design the window flange
opening with required radial and axial support for the window. The dimen-
sions of DOL 5 window flanges have been calculated and are presented in
guideline 2. These calculations are based on two assumptions. The first is
that the distance b between the window's low-pressure face in the conical
flange cavity and the bottom of the conical cavity must be approximately
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the same as the displacement of the window with recommended t/D ratio
during the specified duration of sustained loading at 5,000 psi. The second
is (hat either an overpressure or extension of rated loading duration may be
encountered by the structure during its life and therefore an additional
allowance, 2, equal at least to b should be made for window displacement
in the cylindrical flange cavity.

The first assumption must be taken into account. The second one
should be considered, but in many cases no pressures higher than operational
will be encountered, and thus no provisions have to be made for displacements
caused by overpressure or for duration of loading past the originally specified

time span.

At

/ I /

, /,.1 .

Note:

1. a* - To be chosen by designer on basis of stress field evaluation in the flange

2. 0' - To be chosen by designer on basis of optical viewing requirements

3. R > b for all t/D ratios and conical angles (Ce)

4. b > displacement of window during the sustained pressure loading for
specified period of time

5. D > Df for all t/D ratios and conical angles a

Figure B-2. Characteristics of DOL 5 flange and window assembly (the assembly
recommended for long-term 5,000.psi pressure application).
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Design Guideline 2. For applications in which the truncated cone acrylic
windows serve as high-grade optical lenses for manned capsules under sustained pressure
loading of 5,000 psi in the 32°F-to-75°F temperature range, the following flange cavity
proportions are recommended-

Window Flange Included Angle D/Dr Cylindrical
(deg) Ratio Passage Length, £

30 1.03 1>0.1 D
60 1.04 >0.1 D(SeeDesign DOL 5 90 1.06 >0.1D

Guideline 1) 120 1.12 >0.1D

1 50 1.28 >. 1 D

Finishes and Tolerances

The experimental data relating flange-seat surface roughness to crack

initiation in the bearing surface of conical acrylic windows under long-term

loading are inconclusive. Therefore, no definite recommendation based on

test data can be made for a particular surface finish at this time. It can be

only stated that so long as the surface finish is in the range of 32 to 125 rms,

the acrylic conical windows will perform satisfactorily. The surface finish of

the flanges used in this study was 63 rms; it performed quite acceptably and

can be considered a compromise between the more expensive 32-rms finish

and the rough 125-rms finish.

Although exploratory experimental data indicate that an angle

mismatch between the acrylic plug and the conical flange seat of 1 to 2

degrees magnitude does not noticeably affect the critical pressure of the
window, the mismatch should be kept to a minimum to eliminate low-pressure

sealing problems. To minimize leaking, deviation of the conical flange cavity

from the specified angle should be in the ±5-to-±15-minute range, easily attained

with ordinary machine shop practice.

The effect of variation in the minor diameter of the conical cavity on

the displacement and critical pressure of the conical acrylic windows varies

with the type of window-flange system used. The effect of variation is most
pronounced for the DOL 2 window-flange system (Figure B-3) and least pro-

nounced for the DOL 5 system. Since the DOL 5 system (Figure B-2) is the

one recommended for windows under long-term hydrostatic loading, the

diametral tolerance for minor diameter of conical flange cavity may be in the

range ±0.001 to ±0.005 inch. These tolerances are readily achieved with ordi-
nary machining processes.
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Note:

1. D = Df for all tiD ratios and conical angles (W)
2. a' - To be chosen by designer on basis of stress field

evaluation in the flange
3. p* - To be chosen by designer on basis of optical

viewing requirements

Figure B-3. Characteristics of DOL 2 flange and window assembly (the assembly
not recommended for long-term 5 ,000-psi pressure application).

SEALS

Requirements

One of the major problems encountered in the design of window
systems for long-term loading is the design of seals. The difficulty in the
design of seals for such a system stems from the fact that there are three
separate operational requirements that the seals must satisfy:

1. The window system must be watertight at low pressures while
the capsule or habitat is being towed to its location.

2. The window system must be watertight at the maximum
operational pressure during the projected duration of the
mission on the ocean bottom.

3. The window system must be watertight upon return of the
zaps1-, o.- habitat to the ocean surface, and during the subse-
quent towing to dock.
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It is relatively easy to satisfy the first two requirements. Any
ordinary gasket will seal the high-pressure face of the window against the
window-retaining ring at low hydrostatic pressure, while the greased surface
of the window acts as a seal itself under high external hydrostatic pressure.
It is much more difficult to satisfy the third requirement because the win-
dow has experienced viscoelastic deformation during its long-term service

under operational pressure of 5,000 psi. Upon return of the capsule to the
ocean surface there is a tendency for the windows to leak; because viscoelastic
displacement of the window has taken place, the gasket between the window-
retaining ring and the window is no longer compressed. There are many design
approaches that will mitigate or completely eliminate the problem of window
leakage upon return of the capsule or habitat to the ocean surface after its
long-term submergence. Seals of severa, designs have been built and their
performance noted.

Seal Designs

The five different types of seals (Figure B-4) investigated for sealing
windows under long-term loading were designed primarily to satisfy sealing
requirement 3, but in the process of satisfying that requirement in every case
they also satisfied requirements 1 and 2. The simplest seal investigated was
the standard gasket compression seal of 60-durometer hardness held against
the window's high-pressure face by a retaining ring. Its thickness was selected
to permit the necessary precompression during installation without causing
permanent set to the gasket. The precompression was selected to accommodate
the largest predicted displacement of the window in the flange and yet maintain
sufficient contact pressure with the window and the retaining ring to permit
the gasket to function as a seal when the capsule or habitat is brought back
to the ocean surface.

The seal utilizing an O-ring in radial compression was a little more
complex. For this design, as well as the elastomeric channel seal design
discussed later, both the window and the flange cavity had to be enlarged
to accommodate the seal without reducing the window's critical dimensions.
Because the O-ring was designed to be under radial compression, the defor-
mation of the window material under long-term hydrostatic pressure would
tend to make the seal more pressure resistant; the clearance between the edge
of the window and the flange cavity surface would decrease with time. In
addition, the axial movement of the window in the flange did not present
any problems in this O-ring seal arrangement, as the radially compressed
O-ring slides with the window along the cylindrical surface of the cavity
in the flange without any loss of compression. In this design, the window
is held in the flange cavity by means of a single flat annular spring com-
pressed against the high-pressure face of the window by a retaining ring.
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Gasket Seal

fltan lrsrn

Radial O-R ing Seal

Channel Seal

Wiper Seal

Axial O.R ing Seal

Figure BA4 Seals applicable to windows unde long-term pressure loading.
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The channel seal operates on basically the same principle as the radial
O-ring seal. However, the seal, which slides along the cylindrical cavity surface
(Figure B-4) with axial displacement of the window, is an elastomeric channel
presseo against the window and the cavity surface by two split rings. The
window is held in the flange cavity by means of severas helical springs held
in compression by a retaining ring.

The wiper seal, in the form of an elastomeric wedge with triangular
cross section, was designed to operate on the same surface-wiping principle
as the two preceding seals except that during axial displacement of the win-
dow in the flange cavity the seal wipes a conical surface, not a cylindrical one
as is the case in the two previous seals. Because of this, the flange cavity and
window may be the same size and shape as for the standard gasket design.
The window-retaining ring acting upon the seal wiper ridge also serves the
secondary function of preventing the window from moving excessively out-
ward upon surfacing.

The axial O-ring seal was designed like the wiper seal to maintain
constant contact with the conical flange surface under large axial displace-
ments of the window. The window is held in positive contact with the cavity
surface by a flat annular spring or rubber gasket compressed by the retaining
ring against the window's high-pressure face.

Seal Evaluation

All of the seals shown in Figure B-4 performed equally well under
sustained or cyclic 5,000-psi hydrostatic loading. The reason for the satis-
factory performance of all seal configurations is the relatively low hydrostatic
pressure to which they were subjected in this study. While in previous tests,4,5

where the hydrostatic pressures were 10,000 or 20,000 psi, the axial displace-
ment and deformation of the windows were large (>0.050 inch for windows
with D = 1.000 inch), in the current tests they were small (<0.050 inch).
Because of the rather small displacements and viscoelastic deformations in
windows under 5,000-psi hydrostatic loading, there is no need to use the
rather complex seal systems used in the 10,000- and 20,000-psi loading
studies, since the simple more economical seal systems will do just as well.

Seal Selection

In view of the considerations discussed in the section on seal design
evaluation, it can be postulated that for long-term loading at a hydrostatic
pressure of 5,000 psi only two seal designs (simple gasket and O-ring) are
attractive.
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Where the window cavity in the flange is to have the least axial length
possible and where the economics of window-seal system fabrication are
important, the simple gasket seal design is preferable.

Design Guidelins 3. For the simple gasket seal, the design guidelines for
,selecting the magnitude of elastic gasket precompression under the window-retaining
ring depend on the design guidelines used in the selection of window t/D ratios.

Corresponding Gasket Compressions '
Selection of Corresponding Under Retaining Ring(s) for
Window t/D Conical Cavity Included Angles-

Dimensions
300 600 9o 1200 1500

Guideline 1 Guideline 2 0.06D 0.04D 0.030D 0.030D 0.030D

"Minimum precompression.

If the gaskets are compressed (Figure B-5) as recommended, and no
permanent set of the elastomeric gasket occurs, the seal should perform
adequately prior to the long-term pressure loading, during the sustained
long-term loading of 5,000 psi, and in low-pressure service encountered by
the window when the ocean bottom habitat or capsule returns to the ocean's
surface.

In applications in which economy is not of prime consideration arid
off-the-shelf commercial O-rings are available for that particular window
diameter, the axial O-ring seal can be utilized instead of the gasket seal.

Prior to Compression After Compression

-
.7

"t

y - x compression

Figure B-5. Parameters for selection of gasket seal compression according to
Design Guideline 3.
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Design Guideline 4. For the axial O-ring seal, the design guidelines for selecting
the size of the groove.in the window and its location depend on the design guidelines used
in the selection of window ti/D ratios.

Corresponding Dimensions
Corresponding of Window Lip (k) for

Sinof Conical Cavity Included Angle-
Window t/D DmninDimensions

300 600 900 1200 1500

Guideline 1 Guideline 2 0.2D 0.2D 0.3D 0.3D 0.3D

The foregoing list dimensions (defined in Figure B-6) recommended
for the window lip describes the maximum permissible thickness of the lip.
In order to specify the window, however, one must also know the minimum
permissible thickness of the lip. The minimum dimr'-,sions do not depend
on the magnitude of the external pressure to which the window will be sub-
jected or the conical angle but on (1) the size of the O-ring, which in many
cases is chosen solely on the basis of the window diameter, and (2) the
rigidity of the lip, which varies with k rather than D.

In general, the width of the groove6 should be >0.15 inch for
1/8-inch O-rings associated with small windows and >0.3 inch for 1/4-inch
O-rings used in large windows. The window lip should be at least equal in
thickness to the groove width, or preferably twice as thick to prevent its
chipping during handling of windows at installation.

rt 'I //I " /,

//,, ,
k Z

t

n~

//

w, n - dimensions can be
obtained from/ ]

Reference 6.

Figure B-6. Parameters for selection of window lip Jimensions according to
Design Guideline 4.
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SUMMARY

Totie together the many design guidelines spelled out in Appendix
B, two typical windows will be designed and dimensioned.

Case A

Requirements.

Pressure: 5,000 psi

Type of loading: Sustained, 100,000 hours

Type of service: Optical observation of hydrospace

Cone angle: 90 degrees

Type of seal: Axial O-ring

Minor diameter: 1inch

Dimensioning. Optical service requires that Design Guideline 1 be
used for window t/D selection (in this case-t/D = 0.625), Design Guideline 2
for flange cavity D/Df selection (in this case D/Df = 1.06 and 2 = 0.1 D), and
Design Guideline 4 for axial O-ring seal and window lip thickness selection
(k -0.3D, w =-0.100, n = 0.05). The configuration of the window and
flange is shown in Figure B-7.

neoprene retaining gasket,
0.125 in. thick

00.060 

in.

,.5,.x ,. ,/ ..,-- 0.20 in.

neoprene,
O-ring 60 010i.
shore hardness

~0.945 in.

0.935 In.

Figure U-7. Typical design of axial 0-ring seal on a 90-degree window for
100,000 hours of service at sustained 5,000-psi pressure in
32°F-to-75°F temperature range.
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Case B

Requirerients.

Pressure: 5,000 psi

Type df loading: Sustained, 1,000hours

Type of service: Optical observation of hydrospace

Cone angle: 90 degrees

Type of seal: Gasket seal

Minor diameter: '1 inch

Dimensioning. Optical observation service requires that Design
Guideline 1 be used for window t/D selection (in this case t/D = 0.5), Design
Guideline 2 for flange cavity D/Df selection (in this case D/Dr = 1.06, 2
0.1 D), and Design Guideline 3'for gasket seal precompression specification
(in this case 0.03D). The configuration of the window is shown in Figure B-8.

neoprene gesket,

1,000 ourssevie at sutiei500piprsuei

Stempera0.5r0 in.

( .... ~1.001 in. / 1

.in. 0.130 i..

L 0.935 in.

Figure B-8. Typical design of gasket seal on a 90-dlegree window for
1,000 hours of service at sustained,5,0OO-psi pressure in
32°F-to-75°F temperature range.

Since all of the design guidelines discussed in Appendix B had as
their objective a window that performs reliably and safely in 0 to 5,000 psi
pressure range and 320 F-to-750F temperature range, an approach to dimen-
sioning was used that always assumed the windows would be used at the most
severe loading condition. Thus, it can be expected that when an axial O-ring-
sealed optical service window is operated at 3,000 psi and 340 F temperature
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for-less than the whole span of its rated~life, the-displacements of the
window will be much less than provided -for by the design guidelines. On
the-other hand if a gasket-sealed optical service window is operated at 5,000
psi and 75°F temperature for the whole.span of its sustained loading rating,
the displacements will probably'be equal to those foreseen by the design

guidelines. j
Although both of the typical windows shown (Figures B-7 and B-8)

have a minor diameter of only 1.000 inch, the same design criteria can be
successfully utilized for dimensioning of windows-with larger minor diameters.
This has been facilitated by giving all the dimensions inDesign Guidelines 1
through 4, in terms of the minor window diameter, D. Thus, regardless of
whether D is specified by the designer in terms of inches, centimeters, or
feet, the dimensions called out by the design guidelines of Appendix B will
be in the same terms, since all of the dimensions given in the guidelines are
linear functions of D.
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STRUCTURAL DESIGN OF (JNICALACRYLIC VIEWPORTS

Technical -Report R-686

YF 38.535.005.01.005

by

M. R. Snoey and M. G. Katona

ABSTRACT

The purpose of this report is to establish a rational engineering
approach for the design of conical acrylic viewports. To achieve this goal,
a time-dependent, yield-failure criterion was developed and utilized in the
analysis of a variety of viewport configurations. Specifically, a range of
thickness/minor diameter (t/d) ratios from 0.25 to 1.75 and included angles
from 600 to 1200 were analyzed by the finite element technique. Using the
viewport structural analysis in conjunction with the yield-failure criterion
for acrylic, time-dependent operating depths were determined as a function
of viewport configuration.

Paralleling the above, an experimental investigation was performed to
validate the analytical results. Six full-scale viewports were tested for a year
under simulated operational conditions that included simultaneous cycling
of pressure and temperature, 0 to 4,000 psi and 70 to 350 F, respectively.

Comparison of analytical and experimental results indicated excellent
agreement for the physical location of viewport failure at specified loading
histories.

Design recommendations are presented in the form of design curves
which enable the design of a conical acrylic viewport for a specified operating
pressure and duration under load. To complete the recommendations, design
information is given also on sealing with a conventional 0-ring, as well as
guidelines for elevating a viewport in its flange.

This document has been approved for public release and sale; its distribution is unlimited.

Copies available at the Clearinghouse for Federal Scientific & Technical
Information (CFSTI), Sills Building, 5285 Port Royal Road, Springfield, Va. 22151
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INTRODUCTION

Objectives

1. Accumulate experimental test data ori full-scale viewports under
simulated operational conditions.

2. Develop a rational failure criterion for conical acrylic viewports.
3. Develop parametric design curves based on the failure criterion.

Purpose

The presence of viewports in practically every undersea vehicle is
indicative of their importance for visibility in undersea research. Piccard1

first introduced conical acrylic viewports in 1939 and, presently, 18 submer-
sibles, or about half the total number, utilize Piccard's 900 conical frustum
design for a wide range of operating depths. Figure 1 shows full-scale, 900
conical viewports while Reference 2 contains a historical background on
viewports along with a summary of viewport designs for about 40 vehicles.

This study is intended to satisfy a need in the design of conical
viewports that has existed and has seen no improvement for the past 30
years. The need was to develop parametric design curves based on the
viewports functional use and to include time effects (creep) in the design
curves.

A thorough structural analysis of a conical viewport was not even
available until just recently.3 '4 '5 All three of these references provide good
insight into the structural response of a conical viewport, however, they do
not provide any information for the designer.

Although acrylic viewports have accumulated a large amount of
operational time, thereby generating some confidence in the material, trepi-
dations still do exist. Design curves based on accurate experimental material
tests, a rational failure theory, and complete structural analysis should relieve
these fears and provide more confidence in viewport design.

Design recommendations for conical acrylic viewports would not be
complete without a section on sealing. Therefore, Appendix A contains
information on methods of sealing and how they affect the viewport design
economically, operationally, and structurally.
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Figure 1. Full.scale, 900 conical acrylic viewports.
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scOPE OF INVESTIGATION

The investigation was divided into two sections: (1) the experimental
phase-which will be discussed first followed by (2) the analytical phase.

Experimental Phase

The objective of the experimental tests was to accumulate data on
full-scale, 900 conical viewports with a range of thickness to minor diameter
ratios, t/d. Figure 2 shows a cross section of a typical viewport. The test
conditions simulated actual operational conditions as nearly as possible so
that the results could be used to provide insight on the type and location of
failures occurring during operation. More importantly, the data would serve
to test the validity of the analytical results.

Tests were conducted on six viewports of three sizes as listed in
Table 1. The viewports were all machined from a 4-inch-thick commercial
cast sheet of Plexiglas G acrylic plastic. The minor diameters were approxi-
mately 4, 6, and 8 inches which gave t/d ratios of 0.92, 0.61, and 0.45,
respectively.

Table 1. Full.Scale Experimental Viewport Dimensions

Included Major Minor Thickness, t
Angle, a Diameter, D Diameter, d t/d

(±5') (in.) (in.)

9000 11.863 4.193 3.835 0.915

9000, 11.854 4.180 3.837 0.916

9000' 13.969 6.299 3.835 0.610

9o 0' 13.950 6.292 3.829 0.608

9000, 16.013 8.411 3.801 0.453

9000, 16.025 8.431 3.797 0.451

L;
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Figure 2. Cross section of a typical viewport.

The six viewports were tested simultaneously in three refrigerated
pressure vessels. Displacements and post-test observations served as the
recordable data. Details on the equipment and test procedure used are in
Appendix B.

Inasmuch as an undersea vehicle might make many dives, cycling of
the pressure load was included as part of the test procedure. The simulation
of actual dives required simultaneous changes in pressure and temperature.
As the pressures were changed from 0 to 4,000 psi, the temperature simul-
taneously was changed from 70 to 350 F.. It was believed that the most severe
test of the viewports would be to cycle the maximum creep strains occurring
in each viewport under the 4,000 psi load. Therefore, the period of the
cycle for all viewports was determined by loading the least conservative
design, t/d = 0.45, and letting the viewport displace until the displacement-
time curve was asymptotic within the accuracy of the measuring system.
Thisrsulted in a "load-on" time period of 500 hours with a "load-off" or
relaxation period of 100 hours; the time necessary to completely relax all
the strains so the viewport would return to zero displacement. The tests were
conducted over a 1-year period which resulted in 13 total cycles.
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Analytical Phase

General. The knowledge gained from the experimental tests was
utilized as a basis for performing an analytical study on viewport-designs.
In particular, analytical investigation-for a spectrum-of viewport parameters,
t/d and a rahging from 0.25 to 1.75 and 600 to 1200, respectively, was ac-
complished by means of the finite element technique.

In order to develop rational design recommendations, it is necessary
to define-the capacity of the system, i.e.,,what constitutes failure. Since the
failure mode definition and failure criteria-influence the assumptions made
in an analytical study, the concept of failure is discussed prior to the analy-
tical method of attack.

Concept of Failure. Failure must be considered from two viewpoints:
(1) the structuralIevel and (2) the material level. First, at the structural
level, the investigator must define failure. In the past, structural viewport
failure has been taken as the complete collapse of the system, often called
the upper limit or ultimate strength, which is typified by large plastic flow
and rupture. Another definition of failure is the lower limit'capacity of a
system which is defined as that load which- causes initial plastic yielding in
any lo6l region of the system.

The authors have chosen the lower limit or "yield criterion" as the
definition for failure of acrylic viewpcrts based on the following considera-
tions. (1) The functional use of a viewport is to transmit undistorted and
undiminished light to the viewer, however, earlier experimental results have
shown that this function is seriously impaired when the viewport is loaded
into the plastic range which results in crazing and distortion of the acrylic.
(2) The pressure that causes yielding is much lower than the load causing
ultimate collapse failure; consequently, a built-in safety factor for the
hazardous environment is intrinsic in the lower limit design, in addition to
the standard safety factor used for the functional aspect.

The second major consideration in establishing a failure criterion
belongs to the realm of the material itself independent of the particular
structure configuration and functional use.

Since, by definition, the structure fails when local yielding occurs,
this dictates that a yield criterion for acrylic must be established which will
adequately predict yield states under combined stresses. Fortunately, much
research has been accomplished in this area and it has been shown that the
Huber-von Mises-Hencky or distortion energy theory of failure6 predicts
combined-stress yield-states extraordinarily well for acrylic.7 ,8 However,
this flow law is complicated by the anisotropic response of yielding in tension

5



and compression with tensile strength beinglower than the compressive. A
conservative approach was used to circumvent this problem. The tensile
,strength was applied to combined states of stress at any time when at-least
-one~principal stress was significantly in a tension zone, and the higher com-
pressive strength was used strictly in the all-compression failure octant.

Because acrylic is a typical thermoplastic, two additional variables
significantly affect its material properties: temperature ahd time.

In general, when temperatures are increased, acrylic material
properties decrease in value. This featurd of acrylic makes it an ideal material
for its proposed use-as a viewport for an undersea vehicle because the ocean
provides a low-temperature environment whichenhances properties over
those measured at room temperature.

The design recommendations set-forth in this report are based upon
material response at room temperature, thus allowing the additional strength
of the acrylic due to lower temperatures at operational depths to increase the
margin of safety.

The second variable, time, is-not as easily dealt with as temperature,
but is certainly important due to the creep properties of acrylic. For this
reason every effort has been made to rationally treat the effect of time on
the stress distributions of the viewport and the yield strength of the acrylic.
The details of this approach are given in Appendix C as a separate-topic
because this treatment is not limited to viewports; the approach may be used
for any structure utilizing acrylic.

Briefly, the approach is to choose the "worst" stress distribution
and utilize this for any value of the parameter time, while the development
of a yield-stress versus load-duration curve provides-the factor of time in the
design parameters. Appendix C deals with the concepts in a straightforward
and rational manner.

Method of Analysis. As discussed in Appendix C, the highest stress
concentrations result from the viscoelastic solution when time is equal to
zero. This is identical to elastic solutions; consequently, elastic solutions
based on all the classical assumptions of linear, infinitesimal-strain, elastic
theory were assumed'and the solutions were obtained by the finite element
program for an axisymmetric solid written by Wilson. 9 References 4 and 5
verify the capability of using a finite -ilement analysis on conical acrylic
viewports. .,

The sequence of analysis was as follows: for each viewport
configuration, the finite element program computed the local state of stress
at every element and the corresponding effective stress defined as

6
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where go  = effective stress at an element per unit of applied pressure

a1 , 02 , U3 - principal stresses at each element per unit of applied
pressure

Thus the relationship for yielding becomes

o¥yp=

go

where

00 = the maximum offactive stress of all
elements with all the principal stresses
in compression

KNOWN BY FINITE
ELEMENT SOLUTION or

go = the maximum effective stress of all
elements with any tension in -the
principal stresses

a = material yield strength in compression for
a particular loading duration

KNOWN BY YIELD-
STRESS VS T1ME or
CURVES

Cy = material yield strength in tension for a
particular loading duration

p = the maximum pressure that can be applied
to the viewport which initiates yielding in
any zone with all the principal stresses in

DESIGN compression
REQUIREMENT or

p the maximum pressure thot can be applied
to the viewport which initiates yielding in
any zone with tension in the principal stresses
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The above format explicitly sets forth the procedure used to determine the
capacity of-the various viewport geometries.

A further point of concern was in specifying the boundary condition
between the viewport and the flange. In order to account for all practical
contingencies, two extreme boundary conditions were applied to each view-
port configuration as shown in Figure 3: (1) the boundary was fixed, repre-
senting maximum friction between the acrylic viewport and its flange; and
(2) the boundary was allowed to be frictionless, representing perfectly
smooth, greased interfacing. Of these two boundary conditions, the one
resulting in the controlling failure as outlined above;was chosen as the
governing boundary condition.

A structural response discovered during the course of the analysis
was that an arbitrarily high stress concentration existed in the elerment at the
corner of the low-pressure face for all viewport configurations and boundary
conditions. This phenomenon correlated with experimental findings where
it was discovered that the low-pressure face corner underwent deformation
or "rounding" for even the smallest load magnitudes (see Figure 4).

An intensive analytical investigation, outlined in Appendix C, revealed
that the spiked stress concentration was relieved by deforming the corner of
the mathematical model as was suggested by the experimental models. Thus,
the viewport geometries considered in this report were all analyzed with a
predeformed corner characterizing an actual viewport after its initial loading.

The last analytical refinement considered was to investigate the
response from an O-ring groove machined in the acrylic. The analytical
results along with the experimental tests are presented in Appendix A.

Input to Wilson's code9 required material properties for acrylic.
Reference 5 describes experimental tests performed to determine these
necessary values at room temperature as: modulus of elasticity, 444,000 psi;
and Poisson's ratio, 0.4.

RESULTS AND DISCUSSION

Experimental

Post-test visual observations and displacements at the center of the
viewport low-pressure face served as experimental data. Since the viewports
were all exposed to the same pressure loading and environment, the cause
of any post-test effects would be the differences in structural design (all
other variables considered equal).

8 ~i 1



(a) Fixed boundary.

(b) Free boundary.

Figure 3. Boundary conditions for finite element analysis.
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Post-Test Observations. Failure results-on the six viewports-are
contained in Table'2. From Table2, it is shown that as the t/d ratio
decreased, the frequency ofstress crazing and cracks increased. Figures 4, 5,
and 6 provide a visual supplement to Table 2. The least conservative design
or the lowest t/d ratio (0.45) is shown in Figure 4. The resulting cracks and
deformation at the low-pressure face corner-are clearly shown. There was
no visibledamage anywhere else on the viewport. Collection of condensate
around the low-pressure face resulted in an accumulation of rust on the
flange which caused the ragged surface on the rounded corner of the view-
port.

Table 2. Results of Test on Full-Scale Viewports

Maximum Width Creep Displacement
t/d Ratio of Crack Pattern Total Displacement

(in.) (%)

0

0.92 14

0

1/16

0.61 20

0

3/32

0.45 26

1/16

11
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The t/d 0.61 viewport with its crazing-cracks is shown in
Figure 5. These cracks are much smaller than the ones in Figure 4 and the
crack band is much narrower. The corner.did not deform as much as in the
previous case.

In the most conservative design, t/d= 0.92, there were no cracks
visible anywhere. In fact, the corner rounding even appeared to be at a
minimum.

Displacements. Figure 7 contains the absolute displacements of the
three pairs of experimental viewports which are presented in this case to
provide the designer with a good feel for maximum viewport displacements.
The pressure and temperature cycling periods are also shown in Figure 7.
Table 2 gives the percentage of the total displacement due to creep.

To simulate a-dive, the pressure was increased at a rate of 50 psi/min,
and the cooling of the system was initiated. It should be noted that at the
operating depth or highest pressure, the temperature is the lowest. The total
time period for a typical cycle was 600 hours. As was expected,,the least
conservative design, t/d = 0.45, had the highest absolute displacement
(Figure 7) and the highest percentage of creep (Table 2).

Analytical

Analytical results consist of pertinent plots and data extracted from
the finite element analysis results. The data are divided into two areas:
(1) stresses and (2) displacements. Both results demonstrate the variations
in structural response due tc, changes in the following parameters: t/d ratio,
included angle, and boundary condition.

Stresses. Figures 8 through 13 include both a contour and surface
plot of the effective stresses for each of the 24 computer runs; four t/d
ratios, three included angles, and two boundary conditions were used. The
stress contour plots provide visual quantitative data, whereas, the surface
plots provide visual qualitative data. Figures 8, 9, and 10 present the results
for the fixed boundary condition, and Figures 11, 12, and 13 present the
results for the free boundary case. In all, of the plots, the stress concentration
is apparent at the corner of the low-pressure face. For either the fixed or free
boundary condition, the strength of the viewport is seen to increase with an
increase in either the t/d ratio and/or the included angle. This agrees with
data developed in Reference 3.

14
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Two itemsof interest are apparent from the surface plots: (1) the
f!exuial bending behavior exhibited by the t/d = 0.25 viewports and the
absence of bending exhibited by the t/d ratios of 0.75, 1.25, and 1.75;-and
(2)-the absence of high effective stresses at the high-pressure face corner.
Generally speaking, this latter, area appears to be in almost a hydrostatic
stress state which means that some structural modification could be made in
this region (refer to Appendix A).

Displacements. Figure 14 ilustrates the displacements at the center
of the low-pressure face. The results are presented -in nondirnensional form,
for use with any diameter viewport. Generally speaking, the difference in
displacement between the fixed and-free boundary condition is the gross
distance that the viewport moves. Thus, the 600 included angle viewport
displaces much more in the free case, which causes the higher effective stress
at the low-pressure face corner. The 900 and 1200 viewports displace less
and thus, the effective stress is less. The transition to flexural behavior is
evident in Figure 14 by the knee in the curve at about t/d = 0.6. Two
additional points (t/d = 0.45) from the analysis in Appendix A are included
in Figures 14, 15, 16, and 17.

Figure 14 is also used in the Design Recommendations section of the

report for calculating elevation of the viewport in the flange.

Comparison of Experimental and Analytical Results

Figures 15 and 16 provide a comparison of experimental and

analytical results. Figure 15 is based on the operating pressure and shows
an excellent comparison. The experimental data is based on post-test
observations of the six experimental viewports, while the analytical data is
based on the magnitude of the effective stress at the low-pressure face corner.
Cracks determined the presence of failure in the experimental viewports,
while the controlling factor in the analytical analysis was the pressure required
to equate effective stress with yield stress in the compression-compression-
compression octant. Note that the free boundary condition controls for the
range of the t/d ratios and that the analytical curves were shifted to the left

by 20% in accordance with the low temperature.4 , 1 °Although the 350 F sea
water is on the high-pressure face, it is a fair assumption that the steel flange
has a low-temperature-gradient throughout and thus, provides a 350 F inter-
face with the viewport.
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Figure 16 compares the instantaneousdis lacements at the center of

the low-pressure face for both the experimental and analytical work. The

two analytical cases (fixed and free) successfully bracketed the experimental

results. The smooth surface finish of 32 rms on-the viewport flanges, in

combination with the liberal use of silicone grease at the viewport-flange

interface, resulted in the experimental displacements approaching the analy-

tical free boundary condition.

. 900o Experimental

T - o~hr Analytical (free)
o To - 70°F Analytical (fixed)
x

p =1.000 psi9 [ 9
cc

zBc 4- \

c

a --- -- a3

0.4 0.8 1.2 1.6 2.0

Thickness/Minor Diameter Ratio, t/d

Figure 16. Comparison of experimental and analytical displacements.

Discussion

When comparing the design curves in this report with those in
Reference 2, one notices a distinct difference. rhe curves in Reference 2,

based on ultimate strength tests, indicate an exponential increase of strength
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with respect to increases-in the t/d ratio. This is understandable because the
strength is based solely ;n physically forcing the material through-the flange
opehing. Ultimate strength tests give an-indication of the catastrophic load
but do not indicate at what pressure the viewport fails to fulfill its function
of providing visibility.

The design curves in this report, however, are based on the visibility
aspect of the viewports and show that the operating pressure or depth is
limited by the yield strength of the material. As exhibited by Figures 8-
through 13, the peak effective stress asymptotically approaches a finite
maximum value as the t/d ratio is increased.

No extensive creep data exist at temperatures other than room
temperature. One can, however, get a comparison between 35 and 70°F
tests on viewports by comparing experimental displacement results of
the t/d = 0.45 viewport in the main test, and the t/d = 0.45 viewport with
0-ring in Appendix A. The disp!acement at 70°F with a time period of
500 hours was 7% greater than the displacement at 35°F for the same length
of time, and after 4,800 hours the displacement was 20% greater.

Figure 17 together with Table 3 compare the analytical results of
this study with the present viewport designs in operational submersibles. A
load duration time of 24 hours was chosen to include the emergency time
of an average vehicle. From Figure 17 it appears that many of the present
designs are conservative, which was probably due to lack of structural analysis
at the time of design.

FINDINGS

Within the scope of this investigation, the following findings appear
to be valid"

1. Based on both experimental and analytical results, the strength of a
viewport increases with an increase in either the t/d ratio and/or the ;ncluded
angle for limits of 0.25 to 1.75 and 60o to 1200, respectively.

2. The maximum effective stress for a tensile region always occurs at the
center of the low-pressure face with a fixed boundary condition.

3. The maximum effective stress for a compressive region always occurs at
the corner of the low-pressure face with a free boundary condition.
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Figure 17. Comparison of analytical results and operational designs.

Table 3. Submersible Viewport Designs in Figure 17

(Extract from Reference 2.)

Identification Number Submersible Name Operating Depth (ft)

1 ALUMINAUT 15,000
2 ALVIN 6,000
3 ASHERAH 600
4 BEN FRANKLIN 2,000
5 DEEP JEEP 2,000
6 DEEP QUEST 8,000
7 DEEPSTAR 2000 2,000
8 DEEPSTAP 4000 4,000
9 DIVING SAUCER 1,000

10 DOWB 6,500
11 DSRV 5,000
is2 PAULO I 600
13 PISCES IV 6,500
14 ROUGHNECK 2,000
15 SEA CLIFF 6,500
16 STAR 111 2,000
17 SURV 1,000
18 TURTLE 6,500
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4. In the actual viewport, a sharply spiked stress concentration exists at-the
low-pressure face corner which results in rounding of the sharp corner.

5. The transition to the dominance of flexural bending behavior occurs at
about t/d = 0.6.

6. Thestress distribution for conical frustums is independent of elastic
modulus and only slightly dependent on-Poisson's ratio, thus, the structural
design curves are generally applicable to materials other than acrylic.

7. A conventional O-ring design with the groovelocated in the viewport
conical face satisfactorily fulfills the-requirements for viewport sealing
(Appendix A).

DESIGN RECOMMENDATIONS

The purpose of this section is to-provide the designer with the
necessary information to design a vehicle viewport accurately, quickly, and
safely. The type of analysis used in this section was experimentally verified
as previously described.

In order to design a conical acrylic vehicle viewport, the designer
must have available such information as. t/d ratio, included-angle, elevation
of viewport in flange, method of sealing, and flange surface finish. The
design requirements would, of course, include the operating pressure, ambient
temperature, and maximum length of dive.

This section of the report deals with de.;qn curves for viewport
dimensions and recommendations for elevatio, of viewport in flange. Design
recommendations for the flange surface finish are in Reference 5, and an
analysis of the viewport sealing problem is in Appendix A of this report.
Annealing instructions for the viewport may be found in Appendix B or
Reference 11.

Design Curves

Material. Figure 18 represents the material facet of the design or
the relationship between the yield stress of acrylic and time. A more detailed
discussion of the origin of these curves is presented in Appendix C. The
figure contains both tensile and compressive curves. The yield strengths can
be seen to reduce to about 50% of the instantaneous value after 500 hours.
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These curves are only for room temperature, but a temperature-of
350 F will increase the yield strength by about 20% according to References
4 and 10. The.strength is, of course, much lower with a higher temperature
and, therefore, temperatures considerably above room temperature should
be avoided.

Figure 18 is used concomitantly with Figure 19 for calculating design
strength.

Structure. Figure 19 represents the structural facet of the design.
The curves include the parameters: t/d ratio, included angle, safety factor,
yield stress, and operating pressure. The t/d ratios range from 0.25 to 1.75
while the included angles range from 600 to 1200..

The curves are based on a finite element stress analysis. With four
t/d ratios, three included angles, and two boundary conditions (fixed and
free), there were a total of 24 computer runs.

Figure 19a represents the maximum effective stress in the
compression-compression-compression octant and the worst of the two
boundary conditions, the free case. This point always occurred at the low-
pressure face corner for the complete range of t/d ratios and angles. This is
attributed to the plugging action creating a higher effective stress at this
point.

Plexiglas G
Temp 70 0 F

8,000

compressive

6,00

He

> 4,000

0
2,000

0 --

0.1 1 10 100 1,000 10,000

Time of Load Duration, T (hr)

Figure 18. Yield stress-time curves for acrylic plastic.
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II
Figure 19b represents the maximum effective stress in the

tension-tension quadrant due to the worst-boundary condition, the fixed
case. This point always, occurred at the center of the low-pressure face for
the compleze range of the variables. The fixed boundary case was the worst
due to the increase in flexural bending.

Example

To indicate how the design curves may be used, a hypothetical case
is considered. Suppose the design requirements are as follows:

Maximum operating pressure = 2,000 psi-
Maximum temperature = 700 F

Safety factor = 1.5
Length of dive* = 100 hours

Included angle = 900
Minor diameter = large as possible

To properly design this viewport, the first step is to find out what t/d ratio
is necessary. From Figure 18 with an abscissa value of 100 hours, the follow-
ing results are obtained:

compressive yield stress = 6,000
tensile yield stress = 3,000

Proceeding to Figures 19a and 19b,and calculating the ordinate value for
each curve

(p) (S.F.) (2,000) (1.5) =0.5compressive ==0.
oY 6,000

tensile (p) (S.F.) = (2,000) (1.5) = 1.0
Oy 3,000

Using the above ordinate values, the following t/d ratios were taken off
the abscissa:

from Figure 19a t/d = 0.58
from Figure 19b t/d = 0.34

* This assumes that there is adequate relaxation time between dives.
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To safely withstand the operating requirements, a tld ratio of 0 58
or larger would be used. Since the minor diameter is to be as large as
possible and commercial acrylic sheets come in thicknesses up to 4 inches

t/d =0.58

..d= - = 4 = 6.9 inches
0.58 0.58

The largest minor diameter wow.'d be 6.9 inches.
The elevation, h, (mee P gure 2) of the viewport in the flange is

another important aspect of'ihe total viewport design. Using a t/d ratio
of 0.58 on the abscissa of Figure 14, a value for the ordinate is obtained

from Figure 14 a = 0.0021 inch per 1,000 psi
(free boundary) d

It is recommended by the authors that the viewport be elevated five
times the analytical (free case) displacement

h = 56, = (5) (0001 (6.9) (2,000) = 0.145 inch
1,;000/

For safe operation of the viewport, a minimum elevation of 0.15 inch
should be used in this particular design to insure adequate distance to the
end of the conical surface, again recognizing the fact that any significant
elevation above this achieves nothing (stress distribution remains the same)
and, in fact, only adds additional flange material (i.e., weight) to the vehicle.

Figure 19 provides for the use of a safety factor in designing conical
viewports. Safety factors are utilized when a designer cannot control all of
the many extraneous variables during fabrication and service that might
affect his original design. In view of the in-depth research for both the
structure and the material properties contained in this report, and the
reproducibility of commercial Plexiglas, the authors feel that a safety factor
of 1.5 is more than adequal if all other design recommendations contained
herein are followed.
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Appendix A

INVESTIGATION OF A VIEWPORT SEAL DESIGN

INTRODUCTION

A necessary, although oftentimes neglected, function of a viewport
design is that of maintaining waterproof integrity at all times. Even very
small leaks would be detrimental in a habitat (long term submergence)
because of the large accumulation over a long length of time, not to mention
the psychological effects on the occupants. Waterproof integrity is accom-
plished by a viewport seal system which must function in two environments:
(1) at the surface both before and after dives (low pressure), and (2) at the
operating depth (high pressure).

The objective of this appendix is to (1) review and evaluate existing
methods of sealing submersible (short term submergence) viewports, but
with regard to the additional habitat functional requirements, and (2)
investigate both experimentally and analytically the most promising of the
designs.

BACKGROUND

To provide waterproof integrity, the first viewport seal designs
relied on a lapped-joint seal between the viewport and flange as shown in
Figure A-la. Achievement of the seal is by 80 to 90% contact surface area,
which requires surface finishes in the 8 to 32 rms range. This design main-
tained a seal at the lapped joint for both low-pressure and high-pressure
sealing. Sometimes a flat gasket is used for padding between the retainer
ring and viewport.

The next design was the gasket seal as shown in Figure A-i b. This
particular design relied on a gasket located at the perimeter of the high-
pressure face for low-pressure sealing and on the lapped joint for high-pressure
sealing.

A similar design, as shown in Figure A-lc, had an 0-ring located at
the corner of the viewport high-pressure face. Here again the low-pressure
sealing was accomplished by theO-ring and the high-pressure sealing by the
lapped joint.

The design shown in Figure A-id is currently being used for
submersibles. Here both high-pressure and low-pressure sealing is accom-
plished by the O-ring seal.
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(a) Lapped.joint seal. (b) Gasket seal.

(c) O-ring seal no. 1. (d) O.ring seal no. 2.

Figure A-1. Current viewport seal designs.
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Submersible designs are-not necessarily acceptable for habitat designs
because of the more stringent functional requirement due to creep. It would,
therefore, be worthwhile, investigating a new seal design which would meet
the requirements and still reduce cost without compromising the structural
integrity of the viewport. A new design or variation of the seal in Figure A-1d
is shown in Figure A-2; Itis a conventionel circularO-ring in a rectangular
groove located on the conical face of the viewport. Note that all five designs
discussed requireretainer rings.

ff, 0.226
0.229

N037 

\break

Oring seal no, 3 8 1/8 R

Oring - Parker 2 -457, N-183-9 14.180 a
nitrite (Buna N) - diam
90 durometer 14.240

Note - After machining, anneal at
1 750 F for 22 hours; cool at
50 F per hour.

Figure A-2. Recommended viewport seal design.

COMPARISON OF DESIGNS

The five seal designs described may be compared in three different

areas: (1) operation, (2) economy, and (3) structure.

Operation

Functional requirements for viewport seal systems include sealing

under all conditions. As previously observed in the main body of this report,
creep occurs in the viewport after a long term submergence. Even after
returning to the surface, the viewport does not immediately return to its
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original position. Thereforethefirst-three seal designs, a, b, and c, in-
Figure:A-1, would.fihd it-difficult to efficiently seal after the habitat surfaces.
Neither the retainer ring, gasket, nor-O-ring seal no. 1, respectively, would be
able to follow the creep displacement of the viewport; the necessary compres-
sion of. the components for sealing would be lost These designs functien
perfectly for submersibles because their dive times are short, thus minimizing
the effects of creep.

O-ring seal no. 2 and O-ring seal no. 3 are both able to follow the
displacement of the viewport and to maintain the seal. A compressible
gasket might be employed at the retainer ring-viewport interface, not as a
seal, but as a spring to maintain pressure on the viewport for low-pressure
sealing. Operationally, an O-ring that is stretched around the viewport
(0-ring seal no. 3) is much easier to work with than the reverse (0-ring seal
no. 2). The design in Figure A-2 appears'to exhibit operational advantages
over the other four designs.

The success of such a seal system (Figure A-2) has already been
proven under long term tests in the ocean. Jenkins and Reinhart' 2 tested
such a design, a conventional O-ring seal in an angular flange, for 189 days
at a depth of 5,900 feet in the Pacific Ocean. The O-ring gland materials
were carbon steel, aluminum, and clad steel. The O-ring material was nitrile
(Buna N) with a hardness of 90 Shore A durometer. The lubrication was
petroleum based, although a silicone grease is recommended to preclude any
deleterious effect on the acrylic. Results of the tests indicated: (1) no
deterioration of the O-ring material, (2) no significant change in O-ring hard-
ness or resilience, (3) no significant amount of water absorption by the
O-ring, and (4) no leakage past the seal system.

Economy

The total cost of a viewport assembly could be reduced if an O-ring
seal was used rather than a lapped-joint seal. Lapped-joint seals are extremely
expensive due to: (1) manual lapping of viewport, (2) tight tolerances on
dimensions, (3) additional machining for smooth surface finishes, and (4)
absence of interchangeability of viewports. Even for low-pressure sealing,
seal systems a, b, and c in Figure A-1 require tight tolerances to insure that
the viewport seats at the correct level in the flange.

' 0-ring seals no. 2 and no. 3 on the other hand, can seal anywhere on
the faying surfaces so the tolerances need not be so tight. Between the two
designs, no. 2 and no. 3, the latter appears to be the more economical. In
initial fabrication, it would be more economical to cut the groove in the
easily machined acrylic. Also, if the flange is to be clad for corrosion pur-
poses, the process is more economical if it is not necessary to contend with
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an O-ring groove. Since the flange is usually welded to the steel pressure hull,
it would be cheaper to replace a damaged O-ring groove in the viewport as
opposed'to a damaged one in-the flange.

Structure

With the design in Figure A-2 exhibiting advantages both operationally
and economically, it remains only a question of whether the viewport can
structurally withstand the stress concentration due to the presence of the
O-ring groove. The earlier seal designs in Figure A-i did not structurally
affect the viewport. Designers probably did not use the design in Figure A-2
because of the unknown effects of the stress concentration; there was no
thorough stress analysis until Reference 5 was completed.

The possibility does exist with O-ring seal no. 2 in Figure A-i, that
the softer acrylic will creep down into the 0-ring groove in the flange and
cause an extremely high stress concentration that could be catastrophic with
long term loading.

The O-ring groove in the viewport seal design of Figure A-2 was
located near the high-pressure face because the results discussed in the main
text of this report indicated that the stress distribution was nearly hydro-
static in this area, The rest of this appendix is concerned only with the
design in Figure A-2 and the structural response of the viewport to the
presence of the O-ring groove.

SCOPE OF INVESTIGATION

To thoroughly determine the structural effect of the groove on the
viewport, both an experimental and analytical phase were conducted on the
design shown in Figure A-2.

Experimental Phase

The viewport used to test the O-ring design was very similar to the
t/d = 0.45 viewports used in the main text and is shown in Figure A-3. The
temperature during the test was maintained between 65 and 750 F because
this would impose a more severe test than a lower temperature. While the
pressure was held at 4,000 psi, the displacements at the center of the low-
pressure face were recorded until the displacements became asymptotic
within the measurement accuracy. The machining procedure, pressure vessel
type, and testing procedures are all discussed in Appendix B.
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Analytical: Phase

The viewport was simulated using the finite element method to obtain

effective stress values at critical points-for later analysis. The mesh contained

664 nodal points and-610 elements. Both the free and fixed boundary con-

ditions were used in this analysis.

RESULTS

Experimental

The viewport with the O-ring was loaded at 4,000 psi for a total time

of 200 days before the creep leveled off. Post-test observations, as shown

in Figure A-3, indicated rounding of the corner and presence of cracks.
Inspection of theO-ring groove, however, found no crazing or cracks whatso-

ever. Figure A-4 presents the absolute displacement at the center of the
low-pressure face versus time in days. Creep accounted for 35% of the total

displacement at 200 days. Even with this much displacement theO-ring
did seal when the dive was completed and the viewport was relaxing.

0.12 4,000 psi__0.12 650 to 75°F,.

'0 0.10

LL

- a,0.08

0
-j

Z 0.06

S 50 psi/rain

0.04
E

t/d = 0.45
Ola =g90°

0.02. d - 8.4 in.
X< h = 0.21 in.

0LI
0 40 80 120 160 200

Time, T (days)

Figure A-4. Displacement response of viewport with recommended seal design.
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Analytical

Figure A-5 shows.the resulting contour plot of-effective stresses for
the viewport with the O-ring. Two stress concentrations are clearly found:
(1) at the low-pressure face corner, and (2) at the O-ring groove. Table A-1
summarizes the data at the critical locations and indicates that the maximum
effective stress value around the 0-ring groove is only about one-half that at
the low-pressure face corner. The boundary condition essentially created no
difference in the stresses around the 0-ring groove.

p

boundary =free
0o0 (contour number) (0.25)

Figure A.5. Effective stress contour plot for 900 angle and tree boundary

condition with 0-ring groove.

Table A-i. Effective Stress, o, for Viewport With 0-Ring Groove

Boundary Condition
Location Fixed Free

Maximum at 0-ring groove A11

151 4

(compressive)

Center of low-pressure no tensile
face (max tension) 078stresses
Low-pressure face
corne, (max compressive)2.1.5
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DISCUSSION

The experimental results and the analytical results had excellent
agreement. Even when the viewport failed at the low-pressure face corner,
there was no failure at theO-ring groove. The design recommendations
(Figures 18 and 19a) of this report predicted failure for this viewport and,
as shown-in Figure A-3, failure occurred.

!t might also be interesting to note the flexural behavior of this
viewport as shown in Table A-1. For the free boundary condition, no tensile
stresses appeared at the center of the low-pressure face as they did for the
fixed boundary case,

Although minimum research time negated any investigation of
mesh-size influence on the O-ring groove, the results were in agreement with
the experimental results. Also, the analytical simulation of the groove was
a worst case solution. This means there was no rounding of the corners in
the simulated model while in the experimental case the corners had a 1/8-inch
radius.

FINDING

A conventional 0-ring design with the groove located in the conical
face of the viewport (Figure A-2) satisfactorily fulfills the requirements for
viewport sealing in three ways: operationally, economically, and structurally.
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Appendix B

EQUIPMENT AND PROCEDURE FOR
EXPERIMENTAL PHASE

INTRODUCTION

Information relative to the design and operation of equipment for
the simulated operational tests on full-scale viewports is contained in this
appendix. The testing requirements were as follows:

1. Test at least three sizes of full-scale viewports
2. Pressure range, 0 to 4,000 psi
3. Temperature range, 350 to 70°F
4. Test time, 1 year
5. Cycling to simulate dives of an undersea vehicle

Due to the size of the viewports and the length of time of the tests, a
decision was made to design pressure vessels and a refrigeration system
specifically for these tests. As a result, pressure vessels with other capabili-
ties would not be tied up for a year.

HIGH PRESSURE SYSTEM

Pressure Vessels

The pressure vessel design was as shown in Figure B-I. This
particular design yielded the following advantages:

1. Efficiency-each vessel tested two viewports at one time.

2. Safety-low volume of fluid to negate "bomb" danger.

3. Economy-materials and fabrication costs were low.

4. Ease of operation-simplicity and compactness of design allows
ease in pressure and temperature cycling.

5. True simulation-low-pressure face exposed to constant room
temperature while high-pressure face exposed to simulated
cycling of temperature and pressure.
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There were two possible disadvantages to the design. (1) opening and closing
of a vessel was time consuming and (21 the 0-ring extruded when operated
to any reasonable pressure and required replacement after each test. These
disadvantages are not severe because the system is for long term operation,
not day-to-day operation, A typical pressure vessel consisted of two 32-inch-
diameter steel flanges as shown in Figure B-1 The conical surtaces of the
flanges were machined to a 32 rms finish. The three vessels had through-hole
nominal diameters of 4, 6, and 8 inches.

Figure B-1. Typical pressure vessel flanges with an B-inch minor diameter viewport.

High-Pressure Pump

The high-pressure pump was an air-driven double-acting piston type

rated for 20,000 psi Tubing made of 1/4-inch diameter, 316 stainless steel
connected the pump to the accumulator

Accumulator

Tne air/water accumulator provided a means of storing energy in the
high-pressure system to maintain a constant pressure in the vessels The
vessels were all connected to a common rnanifold, thus, pressure cycling
was identical for all three vessels
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REFRIGERATION SYSTEM

A refrigeration system was necessary in this study to aid in simulating

actual environmental conditions. Located on the pressure vessels were Plate-
Coil heat transfer units as shown in Figure B-2a. The single, embossed units

were rolled to the vessel diameter to insure adequate heat transfer between
the vessels and the units. Two units which were connected together by a

jumper hose were necessary for one vessel. A heat transfer cement, Thermon

T-3, was used between the vessel and heat transfer units to increase the over-
all heat transfer coefficient. Sheets of an elastomeric insulation, Armaflex,
were used on top of the heat transfer units as shown in Figure B-2b. Glycol

brine was circulated through the refrigeration system. Cooling was provided
by a 5-ton-capacity air-cooled chiller. Temperature measurements were

taken at both the inlet and outlet of the chiller.

INSTRUMENTATION SYSTEM

Dial indicators, as shown in Figure B-3, were utilized on each of the
six viewport faces to measure absolute displacement of the center of ihe

face with respect to the pressure vessel. Lufkin dial indicators with gradua-

tions of 0.001 inch were used. The averages of the displacement readings
for the three pairs of viewports in the pressure vessels were calculated and

are presented in Figure 7 of this report.
Pressure gages with a range of 5,000 psi were the high-pressure

measuring system, while a 50-psi gage was used on the no-load part of the

cycle. Here it was necessary to maintain a 1 to 5-psi load to keep the view-
port in position.

VI EWPORTS

The seven viewports in this study (including one used in the O-ring

test) were machined from a 4-toot by 5-foot by 4-inch cast sheet of
Plexiglas G acrylic plastic. The viewports were rough machined and then

annealed in accordance with the manufacturer's recommendations1 1

as follows:

Section Annealing Time Cooling
Thickness Temp Time Rate

(in.) (OF) (hr) (oF/hr)

4 175 22 5
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(a) Heat tran~sfer units installed on pressure vessel.
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Upon completion of initial anneal, the viewports were machined to final
dimensions and annealed again. The viewports were polished to an optical
finish before testing to facilitate post-test observations of possible cracks.

Figure B.3. Experimental test setup.

All minor diameters of the viewports were designed larger than the
penetrations in the pressure vessel to elevate the viewport in its seat in order
to avoid the stress concentration at the break of the conical surface.

Because the test occurred over such a length of time, it was necessary
to insure accuracy of results. Therefore, two viewports of the same dimen-
sions ware tested at the same time to provide redundancy to the test.

TEST PROCEDURE

The conical surfaces of the viewports were first coated with Dow
Corning No. 4 silicone grease, a lubricant which will not attack the acrylic
plastic. After the six viewports were placed in the three vessels, the vessels
were filled with tap water. Initially, the pressure was raised to 2,000 psi and
quickly returned to 0 psi. This procedure seated the viewports, squeezed out
a majority of the excess grease, and allowed the dial indicators to be zeroed.
Subsequently, the pressure and temperature were changed simultaneously
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from 0 to 4,000 psi and 70 to 35 0 F, respectively. This portion of the
cycle represented the dive of the vehicle. Upon completing the desired
loading time of 500 hours, the pressure and temperature were simultaneously
changed from 4,000 to 0 psi and 35 to 70 0 F, respectively.

The displacements at the center of the low-pressure face were taken
twice a day except for weekends and holidays. The morning and the after-
noon were chosen for the displacement recordings because the minimum and
maximum pressures for each working day corresponded with the minimum
and maximum temperature fluctuations for the 24 hours of the day.
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Appendix C

FAILURE CRTERION APPLIED TO CONICAL
ACRYLIC VIEWPORTS

A FAILURE CRITERION

This appendix outlines the development of a rational yield-failure
theory utilized in the design guidelines of this report.

In keeping with the yield-failure definition set forth in this report,
two entities must be completely described. First, the location and relative
magnitude of the maximum effective stress, ao, must be evaluated; and
second, the material yield strength, ay, must be determined. Unfortunately,
acrylic exhibits time dependency, consequently, both of the above entities
are functions of time, i.e., loading history. Because of the infinite variety
of possible loading histories, the general design procedure would be to choose
the most unfavorable loading history to account for all other less severe cases.

For the special case of acrylic viewports, the most detrimental loading
history would be represented by a step loading raised immediately to maximum
operational depth and held there for the given duration. Moreover, if acrylic
was purely viscoelastic, the stress distribution in the viewport at time T = & ,

is identical to the distribution resulting from an elastic analysis and represents
the most unfavorable distribution in terms of the high magnitudes and stress
concentrations. As time progresses, stress relaxation occurs relieving and
redistributing high stress concentrations. Thus, in terms of the viscoelastic
behavior, the elastic solution (T = 0+) may be conservatively used to deter-
mine the maximum s.ress concentrations and assume these magnitudes
constant with time rather than decreasing. Actually, the conservative assump-
tion of constant viewport stresses is quite accurate due to the phenomenon
that the elastic stresses of conical frustums are independent of Young's
modulus and only slightly dependent on Poisson's ratio. Hence, in view of
the correspondence principle, which relates elastic and viscoelastic solutions,
time would have very little effect on the viscoelastic stresses. In light of the
above, one can rationally accept the stresses resulting from an elastic
analysis (approximated by the finite element technique) as the governing
stresses throughout the loading duration, providing there is adequate
recovery time between loadings.
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The effect of time on the material yield stress, av , which has been
observed to decrease as loading time progresses,is next considered A

graphical relationship of this is presented in Figure 18 in the Design Recom-

mendation portion of this report. At this point, a qualitative outline is

presented, illustrating the origination of the graph.
Consider the typ~cal creep data shown in a of Figure C-1 where each

curve represents the strain-time relation for a given level of stress. If a parti-

cular time, T1, is selected and corresponding values of stress and strain are
plotted as shown in b of Figure C-1, an isochronous stress-strain relationship
results. Because time has been held constant, any curvature in the stress-
strain relation is due to either yielding or nonlinearity of the material.
Curvature arising solely from nonlinearity does not limit the yield-strength
of the material as previously defined, however, existing creep data for acrylic
does not contain unloading histories and permanent set records, thus render-
ing it impossible to separate the effect of nonlhnearity from yielding.
Therefore, it was conservatively assumed that all curvature was due to
yielding and that the yield strength at time T1 was defined as the 0.2%
offset strain intersect of the isochronous stress-strain relation. Following
the above procedure for several different times of interest, a curve can be
generated as in c of Figure C 1 which establishes the yield-stress versus
load-time relationship. The graph of this relationship for acrylic, displayed
in Figure 18, was derived from creep data obtained from three sources 1 0,13,14

For some loading durations, creep data were nonexistent for Plexiglas G,
but were approximated by engineering judgments of creep data on
Plexiglas I-A

A STRESS SINGULARITY AND THE ANALYTICAL TOOL
(FINITE ELEMENT)

In modeling the viewport by the finite element technique, a
preliminary investigation was conducted to determine an adequate number
of quadrilateral elements to represent the system It can be shown by
variational theorems that the finite element solution approaches the exact
solution as the number of elements approach infinity Of practical
importance, the convergence of the finite element model can be determined
by comparing stresses obtained from a coarse mesh with those obtained
from a finer mesh. In so doing, it was discovered that about 400 elements
was a sufficient number, such that, further increase in the number of elements
did not appreciably alter the numerical values of stresses at a given point.
This held true throughout the entire cross section except for one very notable
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point, namely, a minute region in the neighborhood of the low-pressure face
corner. At this particular location all stresses were becoming exceedingly
higher as the number of elements were increased. Further subdivision in
this corner revealed that these stresses were becoming arbitrarily high,
suggesting that the corner point stresses would approach-infinitely high
values if the subdividing process continued. In witness of this phenomenon,
Figure C-2 portrays the computed effective stress as a surface over the cross
section of a typical viewport in which the corner has been finely subdivided.
This representation readily depicts the singular nature of this stress concen-
tration as a Dirac spike. It was hypothesized that this spike has physical
significance and that it is not simply an error emanating from the numerical
technique involved. In support of this contention, it was observed that all
experimental viewports exhibited a minute permanent plastic deformation
at this corner even for moderate loads.

Taking the cue from experimental observations, the corner of the
analytical model was "rounded" in an attempt to model the plastic deform-
ation occurring in the actual viewport. Furthermore, care was taken to
determine what effect various amounts of "rounding" had on the resulting
stresses. It was discovered that the percentage of area removed did not alter
stress values significantly providing the percentage of deformation (percentage
of area removed) was greater than about 0.02%. Figure C-3 illustrates this
relationship where it is seen that the relative maximum effective stress
stabilizes for deformation percentages above 0.02%, independent of the mesh
size. In view of this, it was hypothesized that in a physical case the viewport
would deform approximately 0.02% to relieve the Dirac spike stress concen-
tration. This contention was supported by the percentage of deformation
measured in the viewport shown in Figure 4 of this report.

In summary, the philosophy to be adopted in comparing the
analytical and experimental results is that, under initial loading, the actual
viewport will undergo minute local yielding which results in deformation at
the low-pressure face corner, to relieve itself of the spiked stress concentra-
tion. This results in a "modified" structure which, when analyzed, does not
display the Dirac spike stress concentration, but rather a realistic stress
concentration with some finite value. Thus, from the analytical standpoint,
the initial yielding problem is dismissed by beginning the analysis with the
modified structure (deformed corner). Accordingly, the failure definition
applies to the modified structure for both fixed and free boundary condition.

49



04

03

02

Time, T -*'

(al Creep curves.

UT,

Strain, C -p-

(b) lsochronous curves.

\Lx

\Nx

C;

Time, log T *

(c) Yield stress-time curve.

Figure C-1. Material property curves tor acrylic plastic.

50



t/d = 0.75
a= g00

boundary - free

r
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LIST OF SYMBOLS

AD, AT Deformed and total areas of viewpcrts, in.2

D Diameter of high-pressure face, in.

d Diameter of low-pressure face, in.

h Elevation of viewvport in flange, in.

p Pressure applied to viewport, psi

r Radial coordinate, in.

S.F. Safety factor

T Time, indicated units

To Temperature, OF

t Thickness of viewport, in.

z Axial coordinate, in.

oX Included angle of conical viewport, degrees

5z  Axial displacement of viewport, in.

e Strain, in./in.

0 Tangential coordinate, degrees

S,02,0 3  Principal stresses per unit of applied pressure, psi/psi

00 Effective stress per unit of applied pressure, psi/psi

Oy Yield stress, psi
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